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Wind farms in weak grids stability enhancement: SynCon or STATCOM? 
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A B S T R A C T   

Reactive power compensation is an effective method to enhance stability of a power system. Synchronous 
condenser (SynCon) and static synchronous compensator (STATCOM) are widely used for reactive power 
compensation. They have the capability of increasing system stability and efficiency by absorbing or generating 
reactive power. This paper presents a comparison of SynCon and STATCOM under the condition of zero reactive 
power injection. The two devices are integrated into a grid-connected type-4 wind farm to examine their effects 
on system stability. It is found that SynCon is more capable in stability enhancement compared to STATCOM. To 
explain the difference, we measure the dq-frame admittance frequency-domain responses of the two devices 
using frequency scans. Vector fitting method is then utilized to convert the admittance frequency-domain 
measurements to an s-domain model. The s-domain admittance-based eigenvalue analysis further confirms 
that SynCon is advantageous in stability enhancement. The difference of SynCon and STATCOM can be sum-
marized as SynCon providing a steady-state reactance while STATCOM acting as a current source at steady state.   

1. Introduction 

Increasing penetrations of renewable energy sources such as wind 
farms have caused unexpected dynamic issues worldwide. In real-world 
operation, subsynchronous oscillations have been observed in the past 
decade in Texas, California, and China [1]. One type of oscillations is 
classified as weak grid oscillations by the IEEE PES Wind SSO task force 
report [1]. The low short circuit ratio (SCR) at the interconnection point 
is a factor that contributes to the oscillations. The mechanism of insta-
bility is similar as the traditional voltage stability: When wind power 
exporting level increases, the interconnection point voltage may 
decrease, as analyzed in [2,3]. The decrease in the ac voltage can cause a 
decrease in the exporting power; thus, an instability feedback mecha-
nism is formed. Low SCR or weak grid interconnection makes this 
mechanism dominant and thus the system goes unstable [2,3]. 

In order to enhance voltage stability, reactive power compensation is 
an effective method. SynCon and STATCOM are two major devices for 
reactive power compensation. The objective of this paper is to compare 
the two devices in weak grid oscillation stability enhancement. 

1.1. SynCon and STATCOM 

SynCon have been applied in power systems with a long history. A 
reference in 1911 [4] presents the common applications of SynCon at 

that time. Essentially, a SynCon is a synchronous machine without a 
prime mover, working at motor operation. It is controlled by the exci-
tation system to absorb or generate reactive power based on the 
requirement of power system. By the end of 2018, 90% of total gener-
ation capacity in Texas Panhandle area is wind generation. In order to 
enhance the stability and transmission efficiency, in April 2018, Electric 
Reliability Council of Texas (ERCOT) installed two SynCons with rated 
capacity of +175/-125 MVA at the 345 kV substations in Panhandle, 
resulting in 13% increase of power transfer compared to that in Year 
2017 [5]. Reference [6] describes the project of installing four SynCons 
at 13.8 kV at Vermont Electric Power Company (VELCO)’s Granite 
230/115 kV station in Williamstown Vermont. This upgrade project 
improved the reliability and stability of the Vermont power grid. 

In recent decades, STATCOMs also have been widely utilized with 
the development of switching devices such as IGBT and GTO [7]. A 
STATCOM consists of a voltage source converter and a capacitor, which 
is capable of regulating reactive power transfer to the power system and 
the local voltage. Compared to a SynCon, STATCOM does not involve a 
rotating machine. It becomes the major reactive power device in the 
market. For example, in May 2001, the VELCO commissioned a project 
involving a STATCOM-based compensation system, which has a rated 
capacity of +133/-41 MVA, at Essex 115-kV station [8]. 

Even though both SynCons and STATCOMs are vastly installed by 
utility companies, SynCon has been used more in islanded power grids, 
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e.g., Kauai of Hawaii, as shown in [9], and in zones with low SCR, e.g., 
South Australia [10]. Apart from reactive power compensation, SynCon 
is used to enhance grid strength and provide inertia and fault currents. 

In this paper, we show that SynCon is more advantageous for weak 
grid stability enhancement. 

1.2. Study approaches 

Both electromagnetic transient (EMT) simulation and eigenvalue 
analysis are employed in this research to examine SynCon and STAT-
COM’s performance for a type-4 wind farm with weak grid 
interconnection. 

For eigenvalue analysis, we adopt s-domain admittance-based 
eigenvalue analysis. This method was proposed by Semleyn in 1999 
[11] and has been found applications for inverter-based resource sta-
bility analysis recently [12]. The benefit of this approach is that we no 
longer need to derive a state-space model. Rather, we can obtain 
admittance model through measurements. This feature is especially 
useful for EMT simulation models. For example, the STATCOM model 
employed in this study is a 48-pulse GTO-based model. State-space 
modeling approach requires derivation of an average model in a 
dq-frame. On the other hand, this step is saved by utilizing 
measurements. 

By applying a voltage harmonic disturbance at the device’s terminal 
with a range of frequency and measuring the excited current response at 
the desired frequency, the frequency-domain measurement of an 
admittance can be obtained. To obtain an s-domain model or a transfer 
function from the frequency-domain response data, frequency-domain 
data fitting is required. Several packages of frequency-domain data 
fitting are available for use, e.g., the vector fitting package [13]. 

The objective of the vector fitting method is to fit a transfer function 
(matrix) to the frequency-domain measurements. The transfer function’s 
order should be specified and the s-domain expression will be found. 
This can be done by minimizing the error between the measurement 
data and the frequency-response of the transfer function through itera-
tively tuning the parameters of the transfer function, e.g., poles and 
residues. In the end, a transfer function in s-domain can be found. 

The vector fitting package in MATLAB is available in the public 
domain. In addition, MATLAB’s system identification toolbox also offers 
tools, e.g., tfest, to estimate a transfer function from the frequency- 
domain response data [14]. 

With the s-domain admittances, eigenvalue analysis can be carried 
out for stability analysis. 

1.3. Our contributions 

There exists a large amount of literatures on comparison of SynCon 
and STATCOM. Reference [15] reviews the state-of-the-art reactive 
power compensation and their applications. The principles of operation 
and structures are also presented. Reference [16] demonstrates that 
SynCon and STATCOM have the similar dynamic performance at an 
HVDC system when subjected to a fault. Reference [17] proposes an 
inertial control for STATCOM, which provides better frequency response 
over SynCon. 

In order to investigate the stability performance of STATCOM, [18] 
establishes the dq-domain small-signal impedance model of STATCOM 
by considering the phase-locked-loop (PLL) and other control loops, 
while reference [19] proposes the impedance model by injecting 
dq-domain perturbations. The two references determine the stability 
criterion through the Nyquist plots. 

The aforementioned literatures treat SynCon and STATCOM as 
reactive power compensation devices, which enhance stability by 
regulating reactive power to the system. This paper investigates whether 
a SynCon or a STATCOM can improve the system stability for zero 
reactive power injection. We found that SynCon can improve stability 
while STATCOM has limited impact on the system under such condition. 

In our preliminary work [20], we present EMT study results. In this 
paper, we present an explanation by comparing the dq-frame admittance 
measurements of the two devices. The frequency-domain measurements 
are obtained through harmonic injection or frequency scans. From the 
frequency-domain measurement data, the s-domain admittance model is 
obtained by vector fitting method [13]. Eigenvalue analysis based on 
s-domain admittance confirms the EMT simulation results. 

1.4. Structure of this paper 

This paper is organized as follows. Section 2 presents the EMT 
simulation results of a type-4 wind farm in a weak grid. The marginal 
stability condition is found through the EMT simulation. Furthermore, a 
SynCon or a STATCOM is integrated into the system to examine its ef-
fect. Section 3 presents the dq-admittance frequency-domain measure-
ments of the wind farm, the STATCOM, and the SynCon using the 
harmonic injection method. The s-domain models are also approximated 
by vector fitting of the measurements. The admittance-based eigenvalue 
analysis results corroborate the EMT simulation results. This section also 
explains why there is a significant difference in stability enhancement 
through a comparison of the STATCOM and SynCon admittance models. 
Section 4 concludes this paper. 

2. EMT simulation results 

This section will introduce the EMT testbeds and the simulation 
result comparison for STATCOM and SynCon in a wind farm . 

2.1. Wind farm 

The investigated system is a type-4 wind farm connected to a grid 
through a transmission line. Fig. 1 presents the structure of the system. 
The terminal voltage of wind turbines is 575 V. The wind farm is con-
nected to the 220-kV transmission system via two step-up transformers. 
The reactive power devices are connected to the grid through a 22-kV/ 
220-kV transformer. The grid transmission network is comprised of two 
parallel lines. A circuit breaker is shown and switching on/off of the 
breaker changes the total transmission network impedance. 

The type-4 wind farm is constituted by a synchronous machine, a 
machine-side converter (MSC) and a grid-side converter (GSC), which is 
connected to PCC through a choke filter. The GSC consists of an inner 
current control loop and outer voltage control loops, as shown in Fig. 2. 
The inner current controller generates the dq-frame voltage references, 
which will be further converted into the three-phase voltage references 
relying on a synchronized phase angle provided by a phase-locked-loop 
(PLL). The outer controllers are PCC voltage and DC-link voltage control. 
Since the PLL’s d-axis is aligned with the PCC voltage’s space vector, the 
d-axis PCC voltage vd has the same magnitude as VPCC and vq keeps as 
zero at steady state. In the dq-frame, the expressions of active power and 
reactive power delivered from the GSC to the grid are: 

P = vdid
Q = − vdiq

(1)  

Hence, to regulate active power, the d-axis current can be adjusted; 
while the q-axis current can be adjusted for reactive power control. In 
addition, due to the relationship in (1), it can be seen that the active 
power related control should employ negative feedback control while 
the reactive power or ac voltage control should adopt positive feedback 
control. 

Assuming that there is no converter power loss, the DC-link capacitor 
dynamics can be expressed as follows: 

Cdc

2
dV2

dc

dt
= Pwind − P (2)  

where Pwind is the total power injection from the wind turbine to the dc- 

L. Bao et al.                                                                                                                                                                                                                                      



Electric Power Systems Research 202 (2022) 107623

3

link capacitor and the GSC. 
Equation (2) illustrates the d-axis current order i∗d can be generated 

by DC-link voltage control. Due to the DC-link voltage relationship and 
the active power P, its can be seen that a positive feedback should be 
employed for DC-link voltage control. The dq-axis current orders (i∗dq) for 
inner controller are from outputs of the dc and ac voltage controllers. 
The parameters of the wind farm and the controllers are listed in Table 1. 

2.2. STATCOM 

STATCOM is widely adopted in power systems to maintain voltage 
profile and enhance voltage stability by offering additional reactive 
power. STATCOM consists of a DC capacitor and a voltage source con-
verter, which is connected to a grid through a transformer, as shown in 
Fig. 3(a). 

The transferred active power (P) and reactive power (Q) from the 
grid to the STATCOM are controlled by adjusting the output voltage of 
the converter. P and Q can be represented as: 

Q =
Vg
(
Vg − Vscosα)

Xs
(3)  

P = VgVs
sin( − α)

Xs
(4)  

where Vg is grid voltage amplitude at 1 p.u. and the phase angle is 0o, Vs 
and α are the amplitude and phase angle of STATCOM’s terminal 
voltage. 

According to (3) and (4), it can be concluded that the amount of 
transferred Q is controlled by adjusting the magnitude of the STATCOM 
terminal voltage and P is controlled by adjusting the phase angle. Since 
the STATCOM is used to offer reactive power, the phase angle between 
sending and receiving end is zero at steady state. Hence, when the 
STATCOM voltage is lower than grid side, the grid sends reactive power 
to the STATCOM. Otherwise, the STATCOM sends reactive power to the 
grid. 

The STATCOM tested in this paper uses a voltage source converter 
built of four 12-pulse three-level GTO inverters. Its detailed model is 
available in the demo of MATLAB/SimScape [21]. This model is 
developed by P. Giroux and G. Sybille of Hydro-Quebec. Fig. 4(f) shows 
the multi-stepped output line-to-line voltage of the 48-pulse GTO 

Fig. 1. EMT testbed structure of a type-4 wind farm with reactive power devices.  

Fig. 2. GSC control structure. The dc and ac voltage references are set at 1 pu.  

Table 1 
Parameters of the type-4 wind farm.  

Description Parameters Value 

Rated Power PRated  100 MW 
Rated voltage VRated  575 V 
Nominal freq. fnom  60 Hz 
DC-link voltage VDC  1100 V 
Converter filter L1, R1  0.06 mH, 0.45 mΩ  
Shunt capacitor C  90 mF 
Stator winding reactance Rs, Xls  1.44 mΩ, 40.8 mΩ  
Synchronous reactances Xd , Xq  313 mΩ, 114 mΩ  
Transient reactance X′

d  71 mΩ  

Subtransient reactances X′′
d , X′′

q  60.5 mΩ, 58.3 mΩ  

Open-circuit time constant T′

do, T′′
do  4.49 s, 0.0681 s  

Short-circuit time constant T′′
q  0.0513 s  

Inertia constant, poles H, p 0.62, 2 
Friction factors F 0.01 
Current PI controller kpi, kii  0.4, 48 
DC voltage PI controller kp,dc, ki,dc  1, 100 
AC votlage PI controller kp,ac , ki,ac  0.25, 25 
PLL kp,PLL , ki,PLL  60, 4480  
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STATCOM. The zigzag phase-shifting transformers are connected to the 
VSC terminals. A simplified block diagram of the reactive power control 
is shown in Fig. 3(b) [22]. The instantaneous three-phase terminal 
voltage is used to generate the reference angle θ through a PLL. Line 
current i is decomposed into real and reactive current, and the reactive 
current iq is compared with the reference reactive current i∗q to produce 
an angle α, which defines the phase angle difference between converter 
output voltage and grid side voltage. Since the PLL aligns the grid 
voltage to d-axis, vq is kept as 0, then Q = − iqVg. The reference reactive 
current can be generated from reference reactive power Q∗. 

The magnitude and phase angle of the converter voltage determine 
the real and reactive power transferred between grid and STATCOM. If 
the STATCOM is only used for reactive power compensation, then the 
phase angle α is kept close to 0 (a small degree is for active power flow to 
compensate transformer loss), and reactive power is controlled by the 
voltage magnitude, which is directly proportional to capacitor voltage 
Vdc. 

If the STATCOM aims to increase its reactive power to the grid, or the 
grid aims to decrease its reactive power to the STATCOM, Vdc should 
increase and the phase angle α should reduce to allow real power 
flowing from the grid to the STATCOM to charge the DC-link capacitor. 
The control logic in Fig. 3(b) shows that increasing Q∗ causes a reduced 
i∗q and α will be subject to reduction initially. 

Figure 4 presents the dynamic performance of the STATCOM during 
operation. At t = 2 s, the STATCOM increases its reactive power supply 
to the grid from 0 pu to 0.4 pu. This change causes the angle of STAT-
COM voltage α to have a drop so that real power can be injected to the 

STATCOM to increase the capacitor voltage Vdc. The increased Vdc leads 
to a higher STATCOM output voltage Vs to realize reactive power gen-
eration. At t = 4 s, the STATCOM reverses its reactive power command 
to absorbs 0.4 pu reactive power from grid. In turn, its dc-link voltage 
and ac voltage reduce. The phase angle α is subject to change during 
transients but remains at around 0 at steady state. 

Besides the reactive power control mode, STATCOM can also use 
terminal voltage control mode, as shown in Fig. 5. 

The grid-side three-phase voltage vga, vgb and vgc are converted into 
dq-frame, and its magnitude is calculated as: 

Vg =

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅

V2
gd + V2

gq

√

. (5)  

The error between the reference and the measurement, e = V∗
g − Vg, 

passes to a PI controller. This PI controller generates the q-axis current 
order i∗q. The inner current control employing PI control structure en-
forces iq to track its order. 

The parameters of the STATCOM and its controller are listed in 
Table 2. 

2.3. SynCon 

Compared to a STATCOM, a SynCon is a traditional device for 
reactive power generation and absorption through electromagnetic field 
instead of power electronics converters. For a system with limited short- 
circuit power capacity, SynCons are usually installed near the genera-
tion units to absorb or generate reactive power and maintain a stable 

Fig. 3. (a) Single-line diagram circuit of STATCOM. (b) Reactive power control block diagram of STATCOM.  
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network voltage through excitation control. 
A SynCon essentially is a synchronous machine working under no- 

load in the motor operation mode. An excitation system is used to pro-
vide excitation current and regulate the terminal voltage for the ma-
chine. According to IEEE standard, there are three different groups of 
excitation systems: DC type, AC type, and Static Excitation System (type 
ST). 

In this model, the SynCon is equipped with a DC2A excitation system 
as shown in Fig. 6 [23]. At steady-state, both power system stabilizer 
voltage VS and feedback signal VF are zero, which means only motor 
terminal voltage VC is controlled. TB and TC are the time constants. The 
parameters are listed in Table 3. 

2.4. EMT simulation results 

2.4.1. Wind farm only 
For the 100-MW wind farm grid integration system without any 

reactive power devices, a dynamic event is created by tripping of a 
transmission line through a breaker switching. With a closed breaker, 
the impedance of the grid is denoted as: 

Zg = (R1 + jX1)‖(R2 + jX2) (6)  

If the breaker is switched off, the line impedance will be increased as: 

Zg = R1 + jX1 (7) 

Fig. 4. (a) Reactive power from the grid to the STATCOM. (b) STATCOM capacitor voltage. (c) STATCOM terminal voltage angle. (d) Terminal voltages of STATCOM 
and grid. (e) STATCOM line-to-line voltage. (f) Zoom-in STATCOM line-to-line voltage. 

Fig. 5. Voltage control block diagram of STATCOM.  
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The grid becomes weaker through the breaker’s action. 
The wind farm simulation results of the PCC voltage are presented in 

Fig. 7. It can be observed that the system becomes unstable when Xg 
increases from 0.2 pu to 0.42 pu, while it keeps stable when Xg increases 
to 0.41 pu. Furthermore, the oscillation frequency of the unstable con-
dition is about 9 Hz. 

2.4.2. Wind farm with STATCOM 
To check the effect of STATCOM, the STATCOM operating in reactive 

power control mode is connected to the 22-kV bus. Two cases are 
simulated. In the first case, there is no active and reactive power 
transferred between the STATCOM and the power system. Figure 8 
presents the waveform of the PCC voltage and STATCOM reactive 
power. It can be noted that the system collapses when Xg changes from 
0.2 pu to 0.42 pu due to line tripping. As illustrated in the sole wind farm 
case study, the wind farm marginal stability condition is at Xg = 0.41 pu, 
which means the STATCOM cannot improve the system stability per-
formance when there is no reactive power compensation under this 
control strategy and this set of control parameters. 

As a comparison, another case is conducted when the STATCOM 
injects reactive power into the system. Figure 8(b) shows that the os-
cillations are suppressed if the STATCOM injects 0.1 pu reactive power 
into the system. 

Different PI controller parameters are also examined in this control 
system. The dynamic performance comparison is shown in Fig. 9(a). At 
1 s, the Xg increases to 0.42 pu, the larger PI parameters lead to a better 
stability performance, and the smaller parameters may worsen the 
oscillation. Figure 9(b) demonstrates the larger PI parameters could 
increase the marginal stability condition to 0.46 pu. 

In addition, two additional control modes, fixed firing angle control 
mode and ac voltage control mode, are examined for their impact on 
STATCOM’s stability improvement capability. 

When the system is working with fixed firing angle control as shown 
in Fig. 10, the control signal α is set as a constant to ensure reactive 
power from STATCOM at zero during operation. 

Figure 11 (a) shows the system becomes stable when Xg increases to 
0.42 pu with the fixed firing angle control. Figure 11(b) shows the fixed 
firing angle control is able to increase the marginal Xg to 0.48 pu. When 
Xg changes 0.49 pu, the system becomes unstable and oscillation fre-
quency is about 17 Hz. 

When the STATCOM is operating at ac voltage control mode, its 
voltage reference is tuned to maintain the reactive power from the 
STATCOM zero. Two sets of voltage controller parameters are imple-
mented. Figure 12(a) shows the simulation results when Xg increases to 
0.41 pu and 0.42 pu with Para I. It can be seen that the system stability 
performance is the same as that with reactive power control. But if the 
parameters change to Para II, the system will be stable when Xg changes 
to 0.42 pu as shown in Fig. 12(b). Figure 13 illustrates the system with 
Para II could increase the marginal stability condition to 0.49 pu. The 
oscillation frequency when Xg changes to 0.50 pu is about 18 Hz. 

Remarks: Through simulation studies of STATCOM in different 
control modes and different parameters, it can be seen STATCOM can 
improve the stability limit of Xg from 0.42 pu to 0.49 pu, if proper 
control is selected. In some other cases, STATCOM may show zero 
improvement on stability. 

2.4.3. Wind farm with SynCon 
Finally, the SynCon replaces the STATCOM and operates in parallel 

with the wind farm. Its generated power and reactive power are regu-
lated by an excitation system. 

Figure 14 (a) shows the PCC bus voltage and reactive power from the 
SynCon when Xg changes from 0.2 pu to 0.42 pu. After a short period of 
oscillations, the system recovers to stability. To find out the marginal 
stability condition, the transmission line impedance is adjusted. 

Table 2 
Parameters of STATCOM.  

Parameters Value (SI) 

Rated Power 100 MW 
Rated voltage 22 kV 
Nominal freq. 60 Hz 
DC capacitor 2000 μF  
iq PI controller  5+

40
s  

V PI controller Para I: 12+
250

s  
Para II: 12+

100
s  

PLL 60+
1400

s   

Fig. 6. Synchronous condenser exciter model.  

Table 3 
Parameters of synchronous condenser.  

Parameters Value (SI) 

Rated Power 20 MW 
Rated voltage 22 kV 
Nominal freq. 60 Hz 
Xd, X′

d, X′′
d  654.4 mΩ, 99 mΩ, 79 mΩ  

Xq, X′′
q  629.6 mΩ, 79.2 mΩ  

Rs, Xls  1.8 mΩ, 55.4 mΩ  

T′

do, T′′
do  4.5 s, 0.04 s  

T′

q, T′′
q  0.67 s, 0.09 s  

Inertia constant, pols 0.6, 2 
Friction factors 0.6 
DC capacitor 2000 μF  
TC, TB  1, 1 
KA  300 
TE, KE  0.01, 2 
KF  0.01  
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Figure 14(b) shows the reactive power when Xg increases to 0.66 and 
0.67 pu, which demonstrates that the marginal stability condition is Xg 

= 0.66 pu. The cases illustrate that the SynCon can improve the stability 
performance significantly even without reactive power compensation. 

Remarks: Although both STATCOM and SynCon have the capability 
providing reactive power and improving stability performance , SynCon 
has advantages over STATCOM at zero reactive power condiction. 

3. Admittance-based analysis 

To understand the difference between SynCon and STATCOM in 
weak grid stability improvement, we examine their admittance models. 

3.1. Admittance model extraction 

The frequency scanning technique is employed to measure the 
admittance frequency-domain responses. The currents and voltages in 
the dq-domain are recorded after a small-signal perturbation is injected 

at the terminal. The obtained data are used to calculate admittance 
model. 

As Fig. 15 shows, the controllable voltage source is connected to the 
wind farm at the interconnection point of 220 kV. Two perturbation 
voltages are superimposed into the voltage source, respectively. The 
voltages are defined in the dq-frame and converted to the abc-frame to 
form a three-phase voltage source. The resulting currents are recorded . 
They are converted to the dq-frame variables idq. Fast Fourier transform 
(FFT) is implemented to extract the phasor form of vdq and idq at the 
frequency of the injected perturbation. It should be noted that the 
injected perturbation needs to be small enough so it has no influence on 
the system operation. 

The admittance at every frequency point is calculated as: 

Fig. 7. Voltage at PCC bus in wind farm system. The line impedance changes at 1 s.  

Fig. 8. STATCOM in reactive power control mode. (a) Voltage at PCC bus and reactive power from STATCOM. (b) Voltage at PCC bus in wind farm system with 
STATCOM when Xg changes to 0.42 pu at 1 s, STATCOM injects 0 or 0.1 pu reactive power to system. 
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Fig. 9. (a) Comparison of different PI controllers at reactive power control mode when Xg increases to 0.42 pu. (b) Xg increases to 0.46 pu and 0.47 pu with the PI 
controller parameters as kp = 10, ki = 80. 

Fig. 10. STATCOM fixed firing angle control.  

Fig. 11. STATCOM with fixed firing angle control. Voltage at PCC bus and the reactive power from the STATCOM when (a) Xg increases to 0.42 pu. (b) Xg increases 
to 0.48 pu and 0.49 pu. 
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Ydd(fi) =
i(1)d (fi)

v(1)d (fi)
Ydq(fi) =

i(2)d (fi)

v(2)q (fi)

Yqd(fi) =
i(1)q (fi)

v(1)d (fi)
Yqq(fi) =

i(2)q (fi)

v(2)q (fi)

(8)  

where superscripts (1) and (2) are related to voltage perturbation in d −

and q − axes, respectively; fi is the injected frequency. 
The injection frequencies are swept from 1 to 100 Hz with 1 Hz in-

terval. Dq-frame voltages and currents are recorded and processed. FFT 
window is long enough to reduce the impact of spectral analysis. 
Figure 16 shows the wind farm admittance model. Each red plus sign 
means an injected voltage point. 

The measurements can be fitted to an s-domain transfer function 

Fig. 12. STATCOM in ac voltage control mode. Voltage at PCC bus and the reactive power from the STATCOM when (a) Xg increases to 0.41 pu and 0.42 pu with 
Para I. (b) Xg increases to 0.42 pu with Para I and Para II. 

Fig. 13. STATCOM in ac voltage control model. Voltage at PCC bus and the reactive power from the STATCOM when Xg increases to 0.49 pu and 0.50 pu with 
Para II. 
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matrix via the vector fitting toolbox [13]. The order of the estimated 
system is firstly to set as 13 for each admittance of Ydd, Ydq, Yqd and Yqq. 
Figure 16 illustrates the comparison of the Bode plot from estimated 
model (blue line) and measurement data (red crosses) from harmonic 
injection. The estimation matches the measurements very well. 

3.2. Stability analysis 

This section presents s-domain admittance based eigenvalue anal-
ysis. The wind farm is represented by a Norton equivalent circuit con-
sisting of a current source iwind connected with an admittance Ywind in 
parallel. The grid side is also converted to a Norton equivalent circuit 
with a current source igrid and line admittance Ygrid. Thus, from the view 
of the PCC bus, there are two parallel-connected shunt admittance. At 
steady state, the system operation condition point is transferred to tge 
dq-frame by using Park transformation. The PCC voltage and the injec-
ted current in the dq-frame are related as: 
[

id
iq

]

=
(
Ywind + Ygrid

)

⏟̅̅̅̅̅̅̅̅̅̅ ⏞⏞̅̅̅̅̅̅̅̅̅̅⏟
Y

[
vd
vq

]

(9)  

where 

Ywind =

[
Ydd Ydq
Yqd Yqq

]

, Ygrid =

[
Rg + sLg − ωoLg

ωoLg Rg + sLg

]

where ωo is the nominal frequency. 
If the system is regarded as an input/output system, where the 

injected current and the PCC voltage are denoted as the input and the 
output, respectively, then the transfer function G(s) for the multi-input 
multi-output (MIMO) system is Y(s)− 1. The closed-loop system eigen-
values, or the poles of G(s), are the roots of det(Y(s)) according to 
Semlyen [11]. With the admittance of the wind farm being identified 
from measurements, the eigenvalues of the entire system can be found if 
the transmission line parameters are known. 

Furthermore, when a reactive power device is employed in the sys-
tem, then the overall admittance is: 

Y = Ywind + Ygrid + Yshunt (10)  

where Yshunt is the admittance model of the SynCon or STATCOM. 
The s-domain model from vector fitting can used for eigenvalue 

analysis. 

3.2.1. Wind farm only 
According to (10), the eigenvalue loci are plotted in Fig. 17a with 

known Ywind, and Ygrid has an increment of 0.01 pu from 0.3 pu to 0.5 pu. 
It can be observed that there is one pair of complex conjugate ei-

genvalues affected by the varying impedance. When Xg is 0.42 pu, the 
oscillation mode at 9 Hz moves to right half plane (RHP), which cor-
roborates the simulation results shown in Fig. 7. 

Fig. 14. (a) Voltage at PCC bus and SynCon reactive power when Xg changes from 0.20 to 0.42 pu. (b) Voltage at PCC bus and the reactive power from the SynCon 
for two additional cases: Xg changes from 0.20 pu to 0.66 pu and 0.67 pu, respectively. 

Fig. 15. Dq-frame admittance measurement testbed.  
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3.2.2. Wind farm with STATCOM 
The STATCOM model is identified using harmonic injection method 

when it is operated in reactive power control with parameters listed in 
Table 2. The frequency is swept from 1 to 200 Hz with an interval of 1 
Hz. Afterwards, the dq-admittance measurements of 200 points are ob-
tained and processed by vector-fitting algorithm to arrive at the linear 
model YSTATCOM in s − domain. 

Figure 17 (b) shows the movements of the dominant zeros of 
YSTATCOM + Ywind + Ygrid, as Xg varying from 0.3 pu to 0.5 pu. It is evident 
that one pair of eigenvalues crosses the imaginary axis when Xg in-
creases to 0.42 pu, which corroborates the EMT simulation results of 
Fig. 8. 

3.2.3. Wind farm with SynCon 
Similar to the STATCOM, the SynCon is also measured for its 

admittance mdoel Ysyn in range of 1 to 200 Hz. Figure 17(c) shows the 
Eigen Loci of the overall system when Xg is changed from 0.6 to 0.8 pu. It 
can be observed that a pair of eigenvalues move to the RHP when Xg 

reaches 0.67 pu. This analytical analysis corroborates the EMT simula-
tion results. 

3.3. Comparison of admittance of STATCOM and SynCon 

Figure 18 presents the dq-domain admittance models of the SynCon 
and STATCOM. It should be mentioned that both models have the same 
operating condition. 

To have a better understanding, we resort to a different domain: 
sequence domain. The admittance model can be expressed in different 
domains, e.g., sequence domain or dq-frame. The two types of models 
are related [24]: 
[

Ypp Ypn
Ynp Ynn

]

=
1
2

[
1 j
1 − j

][
Ydd Ydq
Yqd Yqq

][
1 1
− j j

]

(11) 

The sequence-domain admittance associates the two current phasors 
with the two voltage phasors. The two voltage (current) phasors are 
referred to the phasors at positive-sequence at frequency ωp + ω1 and 
negative-sequence at frequency ωp − ω1, where ω1 is the nominal fre-
quency of 60 Hz. 
⎡

⎣ Ip
(
j
(
ωp + ω1

))

In
(
j
(
ωp − ω1

))

⎤

⎦ =

[
Ypp

(
jωp

)
Ypn

(
jωp

)

Ynp
(
jωp

)
Ynn

(
jωp

)

]
⎡

⎣Vp
(
j
(
ωp + ω1

))

Vn
(
j
(
ωp − ω1

))

⎤

⎦ (12) 

Combining Eqs. (11) and (12), the sequence-domain current is 
related to the voltage through the dq-admittance as follow. 
⎡

⎣ Ip
In

⎤

⎦ =
1
2

[
1 j
1 − j

][
Ydd Ydq
Yqd Yqq

][
1 1
− j j

]
⎡

⎣Vp
Vn

⎤

⎦ (13) 

At steady state, the operation condition is at 60 Hz. Hence, the 
dq-domain admittance at 0 Hz will be analyzed. From the Bode plot, it 
can be observed that the steady-state admittance is at the leftmost fre-
quency range. 

Fig. 16. Comparison of the wind farm admittance model from vector fitting and harmonic injection measurement points.  
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The Bode plot indicates that the magnitude of Ydd, Ydq and Yqq in 
SynCon are relatively small compared to Yqd at steady state, thus they 
can be approximated to zero. The magnitude of Yqd is found as -6 dB or 
0.5 pu. Similarly, the magnitude of Ydd, Ydq and Yqd in STATCOM are 
treated as zero and Yqq is -10 dB or 0.3 pu. We may assume that the 
dq-domain admittance models at steady-state as follows. 

Ysyn,dq =

[
0 0

− 0.5 0

]

, Yst,dq =

[
0 0
0 − 0.3

]

(14) 

Assuming the system is balanced, positive and negative-sequence 
voltage are 1∠0o and 0, respectively. 

For SynCon, the only non-zero element is Yqd at 0 Hz. Hence: 

Fig. 17. Eigen loci for varying line impedance Xg for (a) wind farm, (b) wind farm with STATCOM, and (c) wind farm with SynCon. The right plots are the zoom-in of 
the left plots focusing on the critical mode. 
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Fig. 18. Dq-domain admittance comparison of SynCon and STATCOM.  

Fig. 19. Equivalent circuit model of a wind farm connected with a SynCon.  
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⎡

⎢
⎣

Ip

In

⎤

⎥
⎦ =

jYqd

2

[
1 1

− 1 − 1

]
⎡

⎢
⎣

Vp

Vn

⎤

⎥
⎦ (15)  

⇒I = Ip + I∗n = jYqdVp = − j0.5Vp =
1
j2

Vp (16) 

Hence, the SynCon can be regarded as an impedance connected in 
parallel with PCC bus. As shown in Fig. 19, by adding a parallel branch, 
the impedance after PCC bus will be reduced and the grid strength is 
improved. This is the reason why SynCon can improve stability even 
without injecting any reactive power. 

Similarly, for the STATCOM, the sequence-domain admittance is 
expressed as follows. 
⎡

⎢
⎣

Ip

In

⎤

⎥
⎦ =

1
2

[
Yqq − Yqq

− Yqq Yqq

]
⎡

⎢
⎣

Vp

Vn

⎤

⎥
⎦ (17)  

⇒I = Ip + I∗n =
(

1
2
Yqq −

1
2
Yqq

)

Vp = 0⋅Vp (18) 

This result implies that the STATCOM does not provide an imped-
ance in the circuit and acts as a current source at steady state or low- 
frequency range. Thus, the grid impedance remains the same and the 
stability is not improved. 

Remarks: Through examining dq-frame admittances of a SynCon 
and a STATCOM, it is found that the two differ in providing (or not 
providing) a reactance at steady state. This difference causes the dif-
ference in stability enhancement. 

4. Conclusion 

As the mostly used reactive power devices, SynCon and STATCOM 
are implemented in a type-4 wind farm system to investigate their im-
pacts on the overall stability of the system. Both the SynCon and the 
STATCOM can improve the system stability performance without reac-
tive power compensation. On the other hand, SynCon can improve the 
stability margin more significantly than STATCOM. If not tuned prop-
erly, STATCOM may show zero stability improvement. This paper gives 
an explanation of this phenomenon based on their frequency-domain 
admittance models. The frequency-domain measurements are obtained 
from harmonic injection, and the measurement data are fitted into 
s-domain models through vector fitting method. Eigenvalue analysis 
results confirm the observation from the EMT simulation. It is found that 
SynCon and STATCOM differ in dq-frame admittance at low-frequency 
range significantly. The difference also demonstrates as SynCon 
providing a shunt reactance at steady state while STATCOM providing 
zero impedance at steady state. This equivalent impedance provided by 
SynCon helps increase the grid strength to allow more transferred power 
and enhanced stability. 
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