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Abstract—We have shown in previous work that the risk of
subsynchronous resonance between wind power plant with Type
III wind turbines and a series-compensated transmission line is
low when the wind turbines are operated in grid-forming mode,
instead of the standard grid-following mode. This paper explains
the fundamental mechanism behind the improved damping
characteristics by modeling the positive- and negative-sequence
impedances of Type III wind turbines in grid-forming control
mode. It is discovered that the grid-forming control naturally acts
against the negative resistance behavior of Type III wind turbines
at subsynchronous frequencies that results from an interaction
between the rotor-side converter current controller and negative
slip. The developed sequence impedance models and improved
damping behavior are verified using PSCAD simulations of a
2.5-MW Type III grid-forming wind turbine. The modeling
predictions are also supported by experimentally measuring the
sequence impedance response of a 2.5-MW Type III wind turbine
in grid-forming control mode.

Index Terms—Subsynchronous resonance, impedance model-
ing, grid-forming control, grid-following control, stability.

I. INTRODUCTION

The root cause of subsynchronous resonance (SSR) in
standard Type III wind turbines is well researched. Existing
commissioned Type III wind turbines operate in grid-following
(GFL) mode, in which they are controlled as current sources
feeding the electric grid. The impedance modeling of stan-
dard Type III GFL wind turbines has demonstrated that they
exhibit negative resistance, and hence negative damping at
subsynchronous frequencies. Moreover, it is also shown that
the negative resistance is due to the proportional gain of the
current controller in the turbine’s rotor-side converter (RSC)
getting divided by the frequency-dependent slip; the latter
is negative at subsynchronous frequencies and consequently
creates negative resistance in the wind turbine impedance
[1]-[3]. The negative resistance can reduce the damping of
potential resonance between the wind turbine generator, which
presents inductive characteristics, and the series compensation
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Fig. 1: Experimental impedance measurements of the 2.5-MW Type III wind
turbine in GFM control. Red: turbine operation at 1460 rpm with 2-MW
power output. Green: turbine operation at 1100 rpm with 0.9-MW power
output. Circles: sampling points.

capacitors inserted in transmission lines. Hence, manufacturers
are required to reduce the risk of SSR events in Type III wind
turbines through appropriate design, such as adding additional
damping controllers and modifying the filter design [1].

The control and operation of inverter-based resources (IBR)
in grid-forming (GFM) mode has captivated the attention of
power system engineers. GFM resources become one of poten-
tial solutions to maintain the stability of power systems with
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Fig. 2: Control and circuit diagram of a Type III wind turbine

high levels of IBRs in which they are controlled as voltage
sources, similar to synchronous generators [4]. Recent studies
confirmed the positive role of GFM inverters in improving
system stability, such as [5] demonstrated that GFM inverters
are less likely to experience harmonic resonance in a weak
grid. As a result, significant efforts are now directed toward
operating PV inverters and wind turbines in GFM control [4]-
[7].

We have demonstrated Type III GFM wind turbines, unlike
GFL turbines, exhibit positive resistance at subsynchronous
frequencies, reducing the risk of SSR when wind turbines
are within close proximity of series-compensated transmission
lines [8]. This was surprising because the current control de-
sign of doubly-fed induction generator (DFIG) is not changed,
which has been confirmed to be responsible for the negative
resistance in Type III GFL wind turbines [2]. We are also
currently testing a 2.5-MW Type III wind turbine in GFM
control at the Flatirons Campus of the National Renewable
Energy Laboratory (NREL) in Colorado, United States [9].
Impedance measurements conducted on the Type III wind
turbine in GFM control using the 7-MW controllable grid
interface (CGI) also revealed its positive resistance behavior.
Although the impedance measurement captured the stability
characteristics of the Type III GFM wind turbine looking from
the turbine’s point of common coupling, it is important to
understand whether the improved damping is dependent on
certain control parameter design or whether there is a funda-
mental mechanism that improves the damping characteristics
such that SSR is less likely in Type III wind turbines when
they are operated in GFM control.

This paper presents the impedance measurements done on
the 2.5-MW Type III wind turbine when it is operated in
GFM control. To pinpoint the positive resistance behavior in
GFM turbines at subsynchronous frequencies, the positive- and
negative-sequence impedance models of Type III wind turbines
in GFM control are developed and validated. The developed
impedance models explain the fundamental mechanism of how

2

the GFM control mitigates the classic negative resistance be-
havior associated with Type III wind turbines. The developed
sequence impedance models show that the positive damping
at subsynchronous frequencies is a fundamental characteristic
of Type III GFM wind turbines and not an outcome of a
specific parameter design; hence, GFM control can potentially
eliminate the SSR problem in Type III wind turbines, which
has plagued many wind power plants around the world.

II. EXPERIMENTAL IMPEDANCE MEASUREMENTS

This section presents the impedance measurements of the
Type III GFM wind turbine using the impedance measurement
system at the Flatirons Campus of NREL [10]. The hardware
test setup includes a 2.5-MW GFM wind turbine driven by
a 5-MW dynamometer. The wind turbine under test [9] is
connected to the 7-MW/13.2-kV CGI, via a 3-MVA, 690-
V/13.2-kV step-up transformer. Fig. 1 shows the impedance
measurements of the GFM wind turbine. The impedance mea-
surements experimentally confirmed the positive resistance
behavior of the Type III GFM wind turbines, where the
impedance phase response is confined within —90 degrees
to +90 degrees at subsynchronous frequencies (highlighted
in the red box in Fig. 1). Furthermore, such positive damp-
ing behavior at subsynchronous frequencies from the GFM
turbine is not dependent on a specific operating condition.
To understand the fundamental mechanism that improves the
damping characteristics in Type III wind turbines when they
are operated in GFM control, sequence impedance models are
developed in the following section using the GFM control
design in [8] for Type III wind turbines.

III. SEQUENCE IMPEDANCE MODELING
A. Grid-Forming Control of Type III Wind Turbines

Fig. 2 and Fig. 3 describe the GFM turbine control diagrams
adopted in this paper. The letters “s” and “r” indicate vari-
ables correlate to the stator and rotor windings of the DFIG,
respectively, and the letter “g” indicates variables correlate to
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Fig. 3: GFM outer-loop control for Type III wind turbines. (a). active power
to frequency control; (b). reactive power to voltage control; and (c). reference
for the d-g components of the rotor currents.

the grid-side converter (GSC). Ky and Kgq are the current
controller decoupling gains.

The control and operation of Type III wind turbines in
GFM control, different from GFL control, internally sets the
frequency osref and magnitude vy s of the DFIG stator
voltage through active power to frequency controller H(s),
and reactive power to voltage controller H,(s). The voltage
controller, Hyy(s), generates the reference of the magnetizing
current, igm ref, for the DFIG depending on the feedback of
the stator voltage magnitude v,,. The rotating reference frame
used for RSC current control is aligned with the stator voltages
according to (1) and (2). More details can be found in [8].

. Ny Ly .
== 1
Ird,ref N, Lmlsd (D
. Ny . Ng Ly .
lrq,ref = _Né Ism,ref + NS LS lsq 2)
r r Lm

Here, L, = Lis + L,,, is the stator self-inductance.

Note that the RSC inner-loop current control for Type III
GFM wind turbines is identical to that of GFL wind turbines.
Further, the controls of the GSC remain the same for both
GFM and GFL control modes of wind turbines. The detailed
circuit parameters of a Type III wind turbine are listed in
Table. I, and the designed control parameters and system
steady states are in Table. II.

B. Sequence Impedance Modeling

Under a positive-sequence, small-signal voltage perturbation
at frequency w, = 2xnf),, the phase a terminal voltage of a
Type III wind turbine in time domain is:

va(t) = \/g\/l cos(m1t) + Vp cos(0pt + ¢yp) 3)

TABLE I: Circuit Parameters in PSCAD Simulation

Parameter Value
DFIG rated power 2.5 MW
Nominal frequency, fi 60 Hz
DFIG rated voltage, V| 690 V
Converter DC voltage, vgc 2000 V

Modulation gain, ky, 0.5

Rotor Speed, w;, 1.3 p.u.
Stator to rotor turns ratio, Ng/N, 0.379
Stator resistance, Ry 0.0054 p.u.
Reflected rotor resistance, R, 0.00607 p.u.
Stator leakage inductance, Ljg 0.102 p.u.
Reflected rotor leakage inductance, Ly’ 0.110 p.u.
Magnetizing inductance, L,;, 4.362 p.u.
GSC filter inductance, L f 0.3 mH
DC bus capacitor, Cg. 20 mF

TABLE II: Converter Control Parameters

Power smoothing filter, Gp, (s) =1/(0.02s + 1)
RSC current controller, Hy;(s) = 0.000456 + 0.0505/s
GSC current controller, Hy;(s) = 0.000269 +0.338/s
GSC DC voltage controller, Hgy (s) = 4.206 +529.1/s
Steady state stator winding current, I;o = 3011.96 — j1072.76 A
Steady state rotor winding current, I.o = 1165.09 — j650.06 A
Steady state GSC current, Igg = 994.2 + jO A
Steady state RSC modulation signals, M,.g = —0.52 — j0.10
Steady state GSC modulation signals, Mgo = 0.56 — j0.11

GFM GFL

Active power compensator: Power compensator:
Hp(s)=3+0.2/s Hp(s) =0+0.0108/s
Reactive power compensator: ~ PLL compensator
Hy(s)=02+1/s Hpp (s) =0.237 +44.6/s
Voltage compensator:

Hy(s) =1.2+6.67/s

where V), and ¢y, correspond to the magnitude and phase of
the positive-sequence perturbation at frequency f),. Turbine
voltage under perturbation can be transformed in frequency
domain as:

W

f=nh
v @

fzifp

where V, = (V, /2)e*Iw . Voltages of phase b and phase
¢ follow the same notation. Three phase currents can be
similarly described in complex form. In this paper, bold letters
are used to represent the complex form of variables after
Fourier transform. Then, the positive-sequence impedance of
a Type III wind turbine, Z,(s), is defined as the ratio of
Vp(s) to —=[Ip(s) + Igp(s)] , where Ig(s) and I4p(s) are
the perturbations of output currents from DFIG stator and
GSC, respectively [5], [10]. The dynamics of the DFIG stator
current, Iy,(s), is described as:

Va[f]:{

, R, kimVye N. .
s(Lis + Li) + Ry + —— | -Isp(s) = ~2%€ 25 pp o (5= om) =Vip (s)
cp(s) Gp(s) Ny )

where the frequency-dependent gain o,(s) in (6) maps the
frequency shift between the stator and rotor sides due to the
machine slip [3]:

S=jon,

(6)

GP(S) =
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Because of the voltage perturbation, the synchronous frame
is displaced from the rotating frame of the grid voltage by
angle of AB(¢). Assuming the initial phase of the stator voltage
as 0p(7) = m1t, the phase of the DFIG stator voltage, 0,(?),
can be written as:

0,(t) = (7N

Then, implementing Park’s transformation, the stator voltages
of the DFIG in the frequency domain are derived as:

0o (1) + AO(?)

vd[f]—{ v, f=(f-fy ®
Vq[f]_{ FjV, -VIAO[f]  f=+(fp - fi) ©)

The currents in the DFIG’s rotor winding, Iq and I4, can be
presented as:

rd0 f=0

Lalf] = { Irp+qu0A0[f] f= i(f - f1) (10)
rq0 f:O

rq[f] { +JIrp_ rdOAﬁ[f] f:i(f f) (11D

The currents in the DFIG’s stator winding, Iyq and Iy, can be
similarly derived. The rotor winding currents can be reflected
in the DFIG’s stator winding by applying:

Ny
N_rlsp(s)

Instantaneous power of DFIG are linearized as in (13) and
(14) with steady-state v, equals to 0:

Irp(s_jmm) = (12)

Po(s) = 3Gp(5) haoVa(s) + LV ) + Vila()] (1)

04(5) = 3G () [~laagVa(5) + hao Vi (5) = Vil (5)]

Then, the modulating signals of the RSC respecting the d-q
reference frame can be derived as in (15) and (16), based on
RSC inner loop current control:

My (s) = —Hyi(s)a(s) — rdIrq(S) + Hyi(5) Ird ref ()
qu(s) = _Hri(s)[rq(s) + Kralra(s) + Hrl(s)qu,ref(s)

Assuming the DC-link capacitor is sufficiently large, the DC
bus voltage, vqc, can be considered constant for the simplicity
of impedance modeling.

Based on (1) and (2), the dynamics of RSC current refer-
ences are converted as in (17) and (18), combining the reactive
power to voltage controller:

Ird,ref(s) = x_jl[:_; sd ()
Ny L

= I (s)+
N, L, sq(s)

S Hes () [Hy ()04 (5) + Vin(9)]
where, the linearized voltage magnitude V,,(s) of the DFIG
stator voltage is derived as:

Vin(s) =

(14)

15)
(16)

A7)

Irq,ref(s) =
(18)

Va(s) (19)

4

where steady-state v4 and v, equal to V) and 0, respectively.
Combining the linearized reactive power, equations (14) and
(17)-(19) complete the modeling of the voltage control loop
of Type III GFM wind turbines. Furthermore, the dynamics of
the phase angle of the DFIG stator voltage are derived from

active power to frequency controller, as in:
AB(s) =

1
_;Hp(s)Ps(s) (20)

Then, the linearized active power (13) is taken into (20)
to complete the frequency control loop of the GFM wind
turbines. Substituting (8)—(20) into (5), the detailed positive-
sequence impedance model of the DFIG is derived as in
(21) when the Type III wind turbine is controlled in GFM
mode. T,(s) = G,(s)H,(s)/s represents the active power
loop gain, and T,(s) = G,(s)H,(s)Hr (s)H;i(s) represents
the reactive power loop gain. Combining the impedance of
GSC, the positive-sequence impedance of the Type III wind
turbine, Z,(s), is then described as:

Zsp(s) : ng(s)
Zsp(s) +ng(s)

where the positive-sequence impedance of the GSC [3] is
given as:

Zp(s) = (22)

YLf + kadC[Hgi(S —Jjor) - ngd]

Zgp(s) =
1= YhmVae{Igo [Hyi(s = jo1) = jKgal + Mg o}%
TerL(s) = ViHprL(s)/[1+ ViTpLL(s)] denotes the closed-loop

gain of the PLL (phase-locked loop). Here, it completes the
full positive-sequence impedance model of Type IIl GFM wind
turbines.

The positive-sequence impedance model of the DFIG is de-
rived as in (24) when the Type III wind turbine is operating in
GFL control mode. PI compensators, H),(s), are implemented
on top of RSC current control as outer loop to regulate the
power outputs of DFIG.

The impedance models derived so far are positive sequence.
Negative-sequence impedances, Z,(s), can be derived using
(25), for the Type III wind turbine in both GFL and GFM
controls [10].

Zn(s) = Zp(=9)" (25)

Note that the cross-frequency coupling of a Type III wind
turbine is weak at frequencies away from the fundamental
frequency and, herein, ignored in this paper for the SSR
stability analysis.

IV. MODEL REDUCTION AND SSR STABILITY ANALYSIS

To validate the developed sequence impedance models,
a 2.5-MW/0.69-kV Type III wind turbine is developed in
PSCAD, where the turbine control can be selected between
GFM and GFL modes. Fig. 4 validates the developed sequence
impedance models of the wind turbine in GFL and GFM con-
trols. The phase response of the positive-sequence impedance
for the GFL wind turbine crosses +90° at subsynchronous
frequencies. This confirms the negative resistance behavior

This report is available at no cost from the National Renewable Energy Laboratory at www.nrel.gov/publications.
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that potentially leads to SSR instability. The developed model the fundamental frequency. Therefore, the sequence impedance
for GFM wind turbines has similar impedance characteristics model of GFM wind turbines after the model reduction is,
to experimental measurements that does not exhibit negative

’ 2
resistance at subsynchronous frequencies, which lower the risk Z, orm(s) ~ Ry + —— R Ko Vac ( ) L kpr
of SSR problems. op(s) —0p()\Ny) Lin
kmVac [ Ny Ly ki .
A. Impedance model reduction s (Lis + L") + — (SC) ( ) [L_nim + JKrd]
Due to model complexity, sequence impedance models 27

in (21) and (24) provide little information to pinpoint the
mechanism of SSR for GFM and GFL wind turbines at
subsynchronous frequencies. Hence, model reduction is further
carried out in this section.

The GSC processes only a small portion of the total power;
hence, ignoring Zg,(s) does not significantly modify the
impedance response of Type III wind turbines at subsyn-
chronous frequencies. Further, PLL and turbine power control
have little impact on the impedance response of GFL wind
turbines that away from the fundamental frequency. Hence,
the positive-sequence impedance model of Type III GFL wind
turbines after the model reduction is:

By aligning RSC current vectors to the stator voltages’
orientation in turbine GFM mode, the term associated with the
proportional gain of the RSC current compensator is compen-
sated (marked as red), and, further, adds a positive resistance to
the turbine equivalent circuit. In fact, such compensation can
be positive or negative, opposite to the sign of the frequency
dependent gain. It behaves as a positive resistance with the
negative frequency dependent gain at subsynchronous frequen-
cies, lowering the risk of SSR. On the other hand, it behaves
as a negative resistance at higher frequencies but its amplitude
diminishes as the frequency-dependent gain increases.

The sequence impedance models in (27) also show that Type
R,’ kmVae [ Ny 2 IIT GFM wind turbines can be equivalent to a RLC circuit
6,(s)  op(s) (_) prt without losing model accuracy at subsynchronous frequencies.

Zp,GFL(S) = Rs +

K Vie 2 ki (26)  Such circuit dynamics are verified from both the developed
s (Lis + L") + (—) [— -J Krd] impedance models and the experimental impedance measure-
op(s) (s = jor) ment. Fig. 4 confirms the validity of the performed impedance

where the PI compensator of the RSC current control is model reduction.
Hi(s) = kp + kir/s. The model in (26) can be equivalent
to a series RLC circuit [2], in which the rotor winding
resistance and the proportional gain of the RSC current The simulated wind turbine is connected to a 33-kV, 50-
controller collaboratively interact with the negative frequency MVA grid with the short-circuit ratio equal to 4 and X /R ratio
dependent gain 6,,(s) and contribute to the negative resistance equal to 10. The grid impedance, Z;(s), is marked as black
at subsynchronous frequencies, causing higher risk of SSR in Fig. 4 with 50% series line compensation. The analytical
instability. predictions between the detailed and simplified models show
The model reduction procedure for GFM wind turbines can  almost identical conclusion in analyzing the turbine SSR
be similarly performed by ignoring the outer-loop controls stability. The developed impedance models predict an unstable
(power controller and voltage controller) because they are SSR at 9 Hz, with a negative phase margin of —76° (=
designed to be significantly slower in control bandwidths, 180°—256°) for standard GFL wind turbines. The impedance
such that they only impact the impedance response around models of GFM wind turbines, on the other hand, predict a

B. Impedance-based stability analysis

5
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Fig. 4: Analytical model comparison and impedance-based stability prediction for Type III wind turbines in GFL and GFM control modes. Blue: detailed
impedance model of a GFL turbine. Green, impedance model of a GFL turbine after the model reduction. Red: detailed impedance model of a GFM turbine.
Purple: impedance model of a GFM turbine after the model reduction. Black: grid impedance. Dots: point-by-point PSCAD simulations

stable turbine operation at subsynchronous frequencies, with a
phase margin of 17° (= 180°-163°). Time domain simulation
in Fig. 5 verifies such analytical prediction. Reference [3]
explained the inaccurate prediction for resonance frequency,
limited by the small-signal modeling of grid impedance.

V. CONCLUSION

This paper presented the sequence impedance modeling
of Type III wind turbines in GFM control mode. Model
reduction is carried out, which equivalents GFM wind turbines
to RLC circuits and pinpoints their stability characteristics.
Both numerical simulations and experimental measurements
support the validity of the developed impedance models.

The fundamental mechanism behind the improved SSR
damping for Type III GFM wind turbines is explained through
the developed impedance models. It is identified that the
turbine GFM control, locking the rotor current vectors to DFIG

Current (kA)
o

| | |
5.1s 5.2s 5.3s

(a). Type Il wind turbine in GFL control

Current (kA)

1 1
5.2s 5.3s 5.4s
(b). Type 11l wind turbine in GFM control

Fig. 5: Output currents of Type III wind turbine during SSR event: a) wind
turbine in GFL control, b) wind turbine in GFM control.

6

stator voltages’ orientation to be specific, naturally compen-
sates the classic negative resistance behavior in Type III wind
turbines, regardless of the turbine operating condition. Such
stability property of Type III GFM wind turbines provides
an potential solution to system operators for SSR damping
without the need of designing additional damping controller. It
further demonstrates the necessity of GFM resources in power
system with high level of IBRs.
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