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12 A B S T R A C T13
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The output dynamic characteristics of permanent magnet synchronous generator (PMSG) wind15

turbines (WTs) significantly influence system damping and, consequently, its stability and16

electrical oscillations. It is generally assumed that these characteristics are determined solely17

by the electrical subsystem due to the relatively soft shaft. However, with the sharply increasing18

capacity, the PMSG’s shaft inevitably becomes stronger, yet there are few studies verifying its19

significance in the coupling between mechanical and electrical subsystems when investigating20

electrical oscillations in grid-connected PMSG-WTs systems. In this paper, an impedance model21

of PMSG-WTs, including both the mechanical shaft subsystem and the electrical subsystem, is22

established to specifically examine electrical oscillation issues. Based on this impedance model,23

the mechanism of electro-mechanical coupling on harmonic transfer within the PMSG-WTs24

is studied, revealing the non-negligible influence of the mechanical subsystem on the output25

impedance characteristic of PMSG-WTs. It is demonstrated that the mechanical shaft subsystem,26

with different rotor inertia and shaft damping coefficients, affects the harmonic transfer between27

mechanical and electrical subsystems, thereby impacting the output impedance characteristics28

of PMSG-WTs and system stability. Finally, simulation results verify the effect of electro-29

mechanical coupling on system stability.30

31

1. Introduction32

Permanent Magnet Synchronous Generators (PMSGs) exhibit advantages such as low cost, high efficiency, and33

large output power, and have been widely utilized in various generator driven renewable energy systems like wind [1],34

small hydro [2], tidal [3] and biomass power generation systems [4]. However, the increasing penetration of renewable35

energy and the widespread use of power electronic devices have resulted in weaker power system damping and potential36

vulnerabilities to unstable operation. Low-frequency [5] and sub-/super-synchronous [6] Oscillation incidents in large-37

scale grid-connected wind farm systems have become significant concerns for the safety of power systems. In July 2015,38

wind farms in Hami, China, which primarily used PMSG-based wind turbines (WTs), experienced severe oscillation39

accidents. These incidents led to the tripping of numerous WT generators and caused shaft torsional vibrations in three40

nearby thermal power generators [7].41

The oscillation issues in grid-connected wind farms can be categorized into drive-train torsional oscillations and42

electrical oscillations. WTs are connected to the PMSG rotor through the mechanical shaft, and unbalanced torque43

generates varying relative angular displacements among each shaft segment. This may lead to drive-train torsional44

oscillations and early fatigue of mechanical components [8]. Additionally, electrical oscillations manifest as periodic45
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fluctuations in electrical quantities such as voltage, current, and power, resulting in significant harmonics across a wide46

frequency range and even power divergence [9].47

Numerous studies have examined drive-train torsional oscillations in power systems using small-signal modeling48

analysis methods. In [10], the mechanism of drive-train oscillation in grid-forming PMSG-WTs was analyzed using a49

linearized model in the frequency domain, revealing that damping control in the machine-side converter (MSC) can50

suppress drive-train oscillations. Researchers in [11] described the motion of WTs coupled to generators using a five-51

degree-of-freedom model and developed a control law based on sliding mode theory to mitigate torsional vibrations52

in doubly-fed induction generator (DFIG)-WTs. The shaft torsional vibration analysis of synchronous generators53

was conducted in [12] using a linearized small-signal model of the entire system, including both mechanical shaft54

and electrical subsystems. It was found that current and voltage harmonics in the electrical subsystem contribute55

to fluctuations in electromagnetic torque, leading to perturbations in shaft rotating angles and severe shaft torsional56

vibrations.57

On the other hand, small-signal modeling and associated analysis methods have been employed to study electrical58

oscillations in PMSG-based wind farms integrated into the grid, mainly using state-space methods [13] and impedance-59

based methods [14]. If the impedance between WTs and the grid constitutes an RLC series resonant circuit with nega-60

tive resistance or insufficient stability margin, the circuit risks electrical oscillation even under small disturbances [15].61

Initially, the grid-connected PMSG-based wind farms were simplified into voltage-source converter (VSC) models62

for electrical oscillation analysis [9]. In [16], a state-space model of the VSC was built to represent PMSG-WTs,63

including DC-link, converter vector control, phase-locked loop (PLL), and grid dynamics. This model demonstrated64

low-frequency and sub-synchronous frequency oscillations by obtaining eigenvalue loci. It was found that DC-link65

dynamics [17], MSC [18], and the generator [19] significantly influence the overall WT’s output characteristics and66

affect modeling accuracy and system stability analysis. The influence of DC-link behaviors on system characteristics67

and stability was deeply studied in [17], with a detailed impedance model of PMSG-WTs considering MSC, DC-link,68

and the generator, concluding that weakly damped DC-link dynamics can destabilize grid-connected systems. Authors69

in [18] have developed an impedance model for PMSG-WTs considering grid-side converter (GSC), MSC, dc-bus and70

synchronous generator, furthermore investigated the shaping effect of controllers on external impedance characteristics,71

indicating that MSC control parameters significantly impact the system stability margin. However, the mechanical shaft72

system structure was not taken into consideration.73

Currently, it is generally considered that the dynamic characteristics of grid-connected WT systems are dominated74

by the electrical subsystem. The interaction between the mechanical shaft subsystem and the electrical subsystem,75

known as the electro-mechanical coupling effect, is often neglected in the analysis of electrical oscillations. With76

substantially increased output capacity, leading to a much stronger rotor-connected shaft, it is natural to question77

whether the mechanical shaft subsystem should be excluded from PMSG-WTs’ small-signal modeling for electrical78

oscillation analysis. Existing research provides few insights into the effectiveness of neglecting the mechanical79

subsystem and electro-mechanical coupling effect when investigating electrical oscillation issues. Thus, it becomes80

necessary to verify the impact of the electro-mechanical coupling effect on the dynamic characteristics of grid-81

connected PMSG-WTs, which determine electrical oscillation risks. This is one of the main motivations of this paper.82

Towards this focus, only a handful of studies specifically address the impact of the electro-mechanical coupling83

effect on the electrical oscillations of grid-connected WT systems. In [20], the drive-train dynamics were modeled using84

both one-mass and two-mass mechanical models to establish the output impedance of grid-connected PMSG-WTs. It85

was found that rotational angle disturbances in the mechanical shaft subsystem affect the output current and voltage,86

significantly influencing electrical oscillation stability. Authors in [21] studied torsional vibrations in type-IV WTs87

interfaced to the grid through grid-forming GSCs, finding that grid frequency variations result in reactions of generator88

electromagnetic torque, which may propagate to the power grid. However, explicit knowledge of the coupling paths89

between the electrical and mechanical subsystems was not provided in the previous research, which is necessary to90

deeply understand the electro-mechanical coupling effect mechanism. Revealing this complex mechanism is another91

motivation of this paper.92

Therefore, this paper investigates the small-signal output impedance model of PMSG-WTs in the 𝑎𝑏𝑐-frame,93

considering both the mechanical shaft subsystem and the electrical subsystem with their associated coupling. The94

mechanical drive-train dynamics are described by a two-mass-spring model. Based on this modeling, the effect95

of electro-mechanical coupling on the output impedance characteristic is studied to determine the impact of the96

mechanical subsystem on electrical oscillation stability. By establishing the explicit harmonic transfer relationship97
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Fig. 1. Main structure of grid-connected PMSG-WTs system.

between the mechanical and electrical subsystems, the interaction mechanism between these subsystems is clearly98

explained.99

The rest of the paper proceeds as follows: Section 2 proposes the sequence impedance model of grid-connected100

PMSG-WTs, including mechanical and electrical subsystems, and verifies the impedance model through frequency-101

sweeping measurement results in MATLAB/Simulink. Section 3 studies the influence of the electro-mechanical102

coupling effect on impedance characteristics, revealing the interaction between mechanical and electrical subsystems.103

Section 4 conducts stability analysis for a case study and oscillation simulation to verify the effect of electro-mechanical104

coupling on system stability. Section 5 concludes the paper.105

2. Impedance Model of Grid-Connected PMSG-WTs106

Overall, the PMSG-WT system consists of a mechanical subsystem and an electrical subsystem. The mechanical107

subsystem is mainly composed of a WT connected to the synchronous generator through the coupling shaft, while the108

electrical subsystem includes the MSC, GSC, and DC-link. The conventional structure and control block diagram of109

the PMSG-WT system [22] is shown in Fig. 1. 𝑣abc and 𝑖gabc represent the three-phase voltage and current at the point110

of common connection (PCC), and 𝑣iabc is the output voltage of GSC. 𝑣sabc and 𝑖sabc represent the voltage and current111

at MSC output. 𝑚iabc and 𝑚sabc are the GSC and MSC output modulation signals. 𝑉 ref
dc denotes the DC-bus voltage112

reference, and 𝐶dc is the DC-bus capacitor.𝐿f and 𝐶f are the inductance and capacitance of the filter, respectively. The113

grid voltage angle at PCC, 𝜃PLL, is captured by a PLL. The rotor electrical speed and angular position are represented114

as 𝜔r and 𝜃r .115

Based on the harmonic linearization method [23], a positive voltage harmonic is analytically superimposed from116

PCC at frequency 𝑓p on the steady-state point at the fundamental frequency 𝑓1. The positive voltage harmonic is117

represented as 𝑉p = 𝑉p𝑒
𝑗𝜙vp , where 𝑉p and 𝜙vp are the magnitude and the phase. Due to the nonlinearity of PLL118

and asymmetry of the 𝑑𝑞 current regulators, when the positive-sequence voltage harmonic 𝑉p is injected, the output119

current response consists of the positive-sequence harmonic 𝐼gp at 𝑓p and negative-sequence 𝐼gn at 𝑓 ′ = 𝑓p − 2𝑓1,120

whose phenomenon is defined as the frequency coupling [24]. The harmonic components can be represented in matrix121

form, which helps to describe the distribution and transfer relationship between harmonics. The harmonic matrices of122

PCC voltage, GSC output voltage, and current are shown as:123

𝐯̂a =
[
𝑉p(𝑓p)
𝑉n(𝑓 ′)

]
, 𝐯̂ia =

[
𝑉ip(𝑓p)
𝑉in(𝑓 ′)

]
, 𝐢̂ga =

[
𝐼gp(𝑓p)
𝐼gn(𝑓 ′)

]
. (1)

The power harmonic can be transferred to the DC-link due to the power balance between the AC-port and the124

DC-port of GSC, which results into the DC-link voltage harmonic 𝑉dc(𝑓p − 𝑓1).125

Due to the rotor flux oriented control strategy and the DC-link voltage harmonic 𝑉dc, the output voltage and current126

of MSC will contain harmonics at frequencies 𝑓p − 𝑓1 + 𝑓r and 𝑓p − 𝑓1 − 𝑓r , as follows [18],127

𝐯̂sa =
[
𝑉sp(𝑓p − 𝑓1 + 𝑓r)
𝑉sn(𝑓p − 𝑓1 − 𝑓r)

]
, 𝐢̂sa =

[
𝐼sp(𝑓p − 𝑓1 + 𝑓r)
𝐼sn(𝑓p − 𝑓1 − 𝑓r)

]
. (2)
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Therefore, the relationship between the voltage and current harmonics at PCC can be modeled as follows.128

𝐘PMSG ⋅ 𝐯̂a = −𝐢̂ga, (3)

where the admittance components can be rewritten in the matrix form as129

𝐘PMSG =
[
𝑌 p
PMSG(𝑠) 𝑌 r

PMSG(𝑠)
𝑌 c
PMSG(𝑠) 𝑌 n

PMSG(𝑠
′)

]
. (4)

where 𝑠′ = 2𝜋𝑓 ′.130

When only the electrical subsystem is considered, the mechanical rotor angle remains fixed at steady state during the131

modeling of the overall sequence impedance [18]. However, the introduction of the mechanical drive-train dynamics132

will lead to perturbations in the rotor angle, which will be described in the following section.133

2.1. Drive Train Dynamics134

RotorImpeller vane Bearing

(a) Mechanical structure of the turbine-generator shaft
system.

1 2

eT

emT

mT

2J1J D

K

(b) Two mass-spring mechanical subsystem model.

Fig. 2. The drive-train structure in PMSG-WTs system.

The mechanical structure of the turbine-generator shaft system is shown in Fig. 2(a), including the impeller135

vane, the rotor of the generator, and the bearing between the impeller vane and the rotor. The primary mechanical136

torque generated by the wind-driven impeller vane acts on the bearing, causing it to rotate. This, in turn, exerts an137

electromagnetic torque on the generator rotor due to the interaction between the generator’s magnetic field and winding138

current. The combined effect of this electromagnetic torque and the mechanical torque transmitted by the bearing turns139

the generator rotor to produce electrical current [25].140

In general, the bearing can be simplified as a torsional spring to retain its spring characteristics, and both the141

impeller vane and the rotor can be considered as two smooth rigid bodies. Consequently, the mechanical subsystem142

under study is represented by a two-mass spring model [20]. In this model, each mass is treated as an equivalent rigid143

concentrated mass block, and the masses are connected by a massless spring. The two-mass spring mechanical model144

is illustrated in Fig. 2(b), where 𝐽1 and 𝐽2 denote the inertia of the WT and the PMSG rotor, respectively. 𝐾 and 𝐷145

represent the stiffness and damping coefficient of the coupling shaft, while 𝑇m, 𝑇e, and 𝑇em denote the mechanical146

torque, electromagnetic torque, and coupling shaft torque, respectively. Therefore, the drive-train dynamics of the147

mechanical subsystem can be described as follows [25]:148

𝐽1
𝑑𝜔1
𝑑𝑡

= 𝑇m − 𝑇em,

𝐽2
𝑑𝜔2
𝑑𝑡

= 𝑇em + 𝑇e,

𝑇em = 𝐷(𝜔1 − 𝜔2) +𝐾(𝜃1 − 𝜃2).

(5)

Here, 𝜃1 and 𝜔1 are the mechanical angular position and speed of turbine. 𝜃2 and 𝜔2 are the mechanical angular149

position and speed of PMSG rotor. Their relationship can be expressed as150

𝜔1 =
𝑑𝜃1
𝑑𝑡

, 𝜔2 =
𝑑𝜃2
𝑑𝑡

. (6)
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During operation, the mechanical torque, electromagnetic torque, and coupling shaft torque collectively act on151

the shaft, causing a relative angular displacement between the two mass blocks, which remains fixed when the152

system is stable. When a small-signal perturbation occurs at the PCC voltage, it induces a small disturbance in the153

electromagnetic torque 𝑇e, leading to an imbalance between the mechanical torque and electromagnetic torque applied154

to the shaft. This imbalance results in small disturbances in the angular positions of the two mass blocks, 𝜃̂1 and 𝜃̂2,155

causing torsional vibrations of the shaft due to the varying relative angular displacement between the mass blocks. The156

corresponding small-signal perturbation model can be calculated as:157

𝑠2𝐽1𝜃1 = 𝑇m − 𝑇em,

𝑠2𝐽2𝜃2 = 𝑇e + 𝑇em,

𝑇em = (𝐷𝑠 +𝐾)(𝜃1 − 𝜃2).

(7)

After applying the Laplace transform to the above equation, we obtain its frequency-domain representation as158

follows:159

𝜃̂1 =𝑀1(𝑠)𝜃̂2,

𝑇̂e =𝑀(𝑠)𝜃̂2,
(8)

where the transfer function of the drive-train dynamic of coupling shaft is160

𝑀1(𝑠) =
𝐷𝑠 +𝐾

𝐽1𝑠2 +𝐷𝑠 +𝐾
,

𝑀(𝑠) = (𝐽2𝑠2 +𝐷𝑠 +𝐾) − (𝐷𝑠 +𝐾)2

𝐽1𝑠2 +𝐷𝑠 +𝐾
.

(9)

In addition, the electrical angular position disturbance 𝜃̂r = 𝑝 ⋅ 𝜃̂2, where 𝑝 is the number of pole-pairs.161

2.2. Impedance Modeling of Generator162

In the three-phase stationary coordinate frame, the stator voltage equation and the flux linkage equation of the163

PMSG are represented as [25]164

𝑣sa = 𝑅s𝑖sa +
𝑑𝜓a
𝑑𝑡 ,

𝑣sb = 𝑅s𝑖sb +
𝑑𝜓b
𝑑𝑡 ,

𝑣sc = 𝑅s𝑖sc +
𝑑𝜓c
𝑑𝑡 ,

(10)

⎡⎢⎢⎣
𝜓a
𝜓b
𝜓c

⎤⎥⎥⎦ =
⎡⎢⎢⎣
𝐿aa 𝐿ab 𝐿ac
𝐿ba 𝐿bb 𝐿bc
𝐿ca 𝐿cb 𝐿cc

⎤⎥⎥⎦
⎡⎢⎢⎣
𝑖sa
𝑖sb
𝑖sc

⎤⎥⎥⎦ +
⎡⎢⎢⎣
𝜓am
𝜓bm
𝜓cm

⎤⎥⎥⎦ , (11)

where 𝑅s is the resistance of each phase winding of the stator. 𝜓a, 𝜓b, 𝜓care the three-phase stator flux linkage.165

𝜓am, 𝜓bm, 𝜓cm are the projection of the permanent magnet flux linkage on each phase winding. 𝐿aa, 𝐿bb, 𝐿cc are the166

self-inductance of each phase stator winding. 𝐿ab, 𝐿ac, 𝐿ba, 𝐿bc, 𝐿ca, 𝐿cb are the mutual inductance among various167

phases.168

The current in the stator winding interacts with the flux field to generate the electromagnetic force, which, in turn,169

produces the electromagnetic torque. This torque acts in opposition to the mechanical torque, thereby resisting the170

rotation of the rotor. The electromagnetic torque can be expressed in the time domain as171

𝑇e = 1.5𝑝[𝜓m𝑖qs + (𝐿d − 𝐿q)𝑖ds𝑖qs], (12)
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where 𝐿d and 𝐿q are the stator inductance along the 𝑑𝑞-axis, respectively.172

Applying the symmetrical component method to the voltage and flux linkage equations of the synchronous173

generator, the relationship among voltage harmonics, current harmonics, and rotor angular position disturbance can be174

linearized as follows,175

𝐆𝟏𝐯̂sa = 𝐆𝟐 𝐢̂sa +𝐆𝟑𝜃r . (13)

Due to the electromagnetic torque disturbance caused by stator current harmonics, this disturbance acts on the176

rotor mass block, generating the electrical angular position disturbance 𝜃̂r . According to the Parker and inverse Parker177

transformations as discussed in [23], the relationship between the rotor mechanical angular position perturbation 𝜃̂r178

and stator current harmonics can be established by combining the small-signal disturbance of electromagnetic torque179

in (8) and (12). This relationship can be expressed as follows:180

𝜃̂r = 𝐓𝐢̂sa. (14)

The detailed coefficient matrices 𝐆𝟏, 𝐆𝟐, 𝐆𝟑 and 𝐓 are presented in the Appendix A.181

2.3. Impedance Modeling of PMSG-WTs182

The conventional control design for the back-to-back PWM converters, including the MSC and GSC, is illustrated183

in Fig. 3. The MSC controller is designed to achieve Maximum Power Point Tracking (MPPT) by generating the184

corresponding modulation signals through the rotating speed loop and current loop. In contrast, the GSC controller is185

responsible for maintaining a constant DC bus voltage, ensuring a balanced power flow between the GSC and MSC. The186
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transfer function of the PI controller for the Phase-Locked Loop (PLL) is denoted as 𝐻PLL(𝑠), and 𝑇PLL(𝑠) represents187

the closed-loop transfer function, which can be expressed as follows [23]:188

𝐻PLL(𝑠) = (𝐾pp +
𝐾pi

𝑠
)1
𝑠
,

𝑇PLL(𝑠) =
𝐻PLL(𝑠)

1 + 𝑉1𝐻PLL(𝑠)
.

(15)

Besides, 𝐻si(𝑠) and 𝐻v(𝑠) represent the PI controller transfer functions of current loop and DC voltage loop in189

GSC.𝐻ri(𝑠) and𝐻w(𝑠) describe the transfer functions of current loop and rotating speed loop in MSC as follows [17].190

191

𝐻si(𝑠) = 𝐾ip +
𝐾ii
𝑠
,

𝐻v(𝑠) = 𝐾vp +
𝐾vi
𝑠
,

𝐻ri(𝑠) = 𝐾rp +
𝐾ri
𝑠
,

𝐻w(𝑠) = 𝐾wp
𝐾wi
𝑠
.

(16)

Moreover, the GSC output voltage equation, MSC output voltage equation, the circuitry model of the filter192

inductance, and the DC-bus voltage dynamic equation in the time domain can be described as follows [18]:193

𝐿f
𝑑𝑖fa
𝑑𝑡

= 𝑣ia − 𝑣a,

𝐶f
𝑑𝑣a
𝑑𝑡

= 𝑖fa − 𝑖ga,

𝑣ia = 𝐾m𝑣dc𝑚ia,
𝑣sa = 𝐾m𝑣dc𝑚sa,

𝐶dc
d𝑣dc
d𝑡

𝑣dc =
∑

𝑛=a,b,c
(−𝑣s𝑛𝑖s𝑛 − 𝑣i𝑛𝑖𝑛),

(17)

where 𝐾m is the modulation coefficient. The modulation 𝑚iabc and 𝑚sabc are the outputs from the double closed-loop194

controllers in the GSC and MSC, which both adopt the DC voltage harmonic 𝑉dc(𝑓p − 𝑓1).195

According to the harmonic linearization method, the multiplication operator in the time domain is replaced by196

the convolution operator in the frequency domain. In this method, only the first-order harmonics are retained while197

higher-order harmonics are ignored. The relationship between harmonics at each port can thus be transformed into the198

frequency domain and expressed as:199

𝐋𝐢̂fa = 𝐯̂ia − 𝐯̂a,
𝐂𝐯̂a = 𝐢̂fa − 𝐢̂ga,

𝐯̂ia = 𝐏1𝑉dc + 𝐏2 𝐢̂ga + 𝐏3𝐯̂a,

𝐯̂sa = 𝐐𝟏𝑉dc +𝐐𝟐 𝐢̂sa +𝐐𝟑𝜃r ,

𝐕̂𝑑𝑐 = 𝐄1𝐯̂𝑖𝑎 + 𝐄2 𝐢̂𝑔𝑎 + 𝐄3𝐯̂𝑠𝑎 + 𝐄4 𝐢̂𝑠𝑎,

(18)

where the filter inductance and capacitor matrices are formulated as 𝐋 = diag[𝑠𝐿f , 𝑠′𝐿f ] and 𝐂 = diag[𝑠𝐶f , 𝑠′𝐶f ].200
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Table 1
Parameters of PMSG-WT system.

Parameter Value
1 Rated power (S) 1.5 MVA
2 DC-link voltage (𝑉dc) 1150 V
3 Rated voltage (𝑉1) 690 V
4 DC-link capacitor (𝐶dc) 12.96 mF
5 Filter inductance (𝐿f ) 75 𝜇H
6 Filter capacitor (𝐶f ) 600 𝜇F
7 Rotor speed frequency (𝑓r) 80 Hz
8 Inertia time constant (𝑇J1) 8.56 s
9 Inertia time constant (𝑇J2) 0.86 s
10 Stiffness coefficient (𝐾) 1.2 p.u.
11 Damping coefficient (𝐷) 1.5 p.u.

According to the relationship between the harmonics in (18), the admittance model of the PMSG-WT can be201

obtained as202

𝐘PMSG(𝑠) =

𝐂 +
𝐄 − (𝐏1𝐄1 + 𝐏3) − 𝚪𝐐1𝐄1

𝐋 − (𝐏1𝐄1𝐋 + 𝐏1𝐄2 + 𝐏2) − 𝚪(𝐐1𝐄1𝐋 +𝐐1𝐄2)
,

(19)

where 𝐄 represents the identity matrix. Besides, the coefficient matrix 𝚪 is described as203

𝚪 =
𝐏1𝐄3𝐆−1

1 (𝐆2 +𝐆3𝐓) + 𝐏1𝐄4

(𝐄 −𝐐1𝐄3)𝐆−1
1 (𝐆2 +𝐆3𝐓) −𝐐1𝐄4 −𝐐2 −𝐐3𝐓

. (20)

The detailed coefficient matrices are depicted in Appendix A.204

2.4. Impedance Model Validation205

Due to the frequency coupling effect, the impedance model of a PMSG-based wind farm exhibits multi-input and206

multi-output (MIMO) characteristics. To apply conventional Nyquist theory, the MIMO system must be transformed207

into a single-input and single-output (SISO) system using the impedance-based equivalent modeling approach, as208

described in references like [26] and [27]. The stability of this equivalent SISO system can be analyzed by applying209

the Nyquist criterion to the ratio of equivalent positive-sequence impedance, i.e., 𝑍p
grid(𝑠)∕𝑍

p
equ(𝑠), and the ratio of210
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Fig. 4. Model validation of the equivalent impedance model of PMSG-WTs. Lines: analytical model. Dots: simulation measurement.
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equivalent negative impedance, i.e., 𝑍n
grid(𝑠)∕𝑍

n
equ(𝑠). The resultant stability analysis using these ratios is shown to be211

consistent with the stability analysis obtained using the general Nyquist criterion (GNC) for the MIMO system.212

To validate the accuracy of the proposed analytical impedance model of the PMSG-WT, a simulation is carried out213

in MATLAB/Simulink. The simulation model includes a PMSG-WT connected to a weak grid with a short circuit ratio214

(SCR) of 2. The system parameters are listed in TABLE 1, which are obtained from a commercial PMSG-WT used215

in the wind farm in Hami, China. Since the inertia time constants 𝑇J1 and 𝑇J2 provide a more intuitive representation216

of the moments of inertia 𝐽1 and 𝐽2, using these time constants facilitates understanding and comparing the inertia217

characteristics. Therefore, in the subsequent sections, the time constants 𝑇J1 and 𝑇J2 will be used to represent the inertia.218

The equivalent impedance of the WT is measured using the perturbation injection method with frequency219

sweeping, as adopted from [28], and compared with the corresponding analytical results, as shown in Fig. 4. The220

analytical positive- and negative-sequence impedances are depicted with solid lines, which closely match the measured221

impedances represented by dotted lines across the entire frequency range. This validates the proposed model. To further222

compare the impedance characteristics with and without considering the mechanical shaft system and the electro-223

mechanical coupling effect, two scenarios are set up in the grid-connected PMSG-WT simulation model: one including224

the shaft system and one without (i.e., the PMSG input is set to a fixed rotating speed). Frequency sweeping tests are225

performed in both scenarios to obtain the impedance curves and compare the differences in impedance characteristics.226

The comparison results are demonstrated in Fig. 5, illustrating the main differences in impedance characteristics227

between considering and not considering the shaft system model, particularly in the sub-synchronous and super-228

synchronous frequency ranges. As observed, the maximum difference in magnitude reaches nearly 10 dB, and the229

phase difference reaches 260 degrees in the super-synchronous frequency range of 65-100 Hz. Additionally, minor230

differences in magnitude and phase are noted in the sub-synchronous frequency range.231
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îsaîga
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3. Electro-mechanical Coupling Effect Analysis232

3.1. Harmonic Transfer Relationship233

A block diagram of the small-signal model of PMSG-WTs is presented to describe the harmonics distribution234

and transfer relationship within the electrical subsystem in [18]. However, this model ignores the coupling effect235

between the electrical and mechanical subsystems, resulting in an incomplete analysis of harmonic transfer and not236

fully capturing the small-signal dynamics.237

In this paper, the harmonics distribution and transfer relationship of PMSG-WTs is revisited, as shown in Fig. 6.238

This figure clearly demonstrates the conversion relationship between speed perturbations in the mechanical subsystem239

and harmonics in the electrical subsystem. The harmonic transfer relationship can be divided into two parts, which can240

be described as follows.241

1) Electrical perturbations to mechanical perturbations242

After injecting a small-signal voltage perturbation 𝑉p at the PCC, voltage harmonics 𝐯̂sa and current harmonics 𝐢̂sa243

are generated at the stator of the PMSG. These harmonics are influenced by GSC and MSC modulation, as well as the244

power transfer between the AC and DC ports at the DC-bus. This transfer part is described in [18].245

The stator current harmonic 𝐢̂sa causes perturbations in the electromagnetic torque 𝑇e. This interaction with the246

constant primary mechanical torque results in disturbances in the rotor’s angular speed 𝜔̂r and, consequently, the247

electrical angular position disturbance 𝜃r . The red lines in Fig.6 and Fig.7 illustrate the transfer relationship between248

𝐢̂sa and 𝜃r , revealing the perturbation transfer routing from the electrical subsystem to the mechanical subsystem.249

2) Mechanical perturbations to electrical perturbations250

The rotor angular position disturbance 𝜃̂r is integrated into the basic coordinate to achieve rotor flux-oriented control251

in the MSC controller. This process affects the stator current harmonics in the 𝑑𝑞-frame via the Park Transform.252

Consequently, the stator voltage harmonic 𝐯̂sa, which is modulated by the speed loop and current loop, will also253

change due to the perturbation on orientation. As a result, the stator voltage and current harmonics will be further254

transferred to the PCC through the back-to-back PWM converters and DC-bus, impacting the output current harmonics255

of PMSG-WTs. This process, which shows how perturbations in the mechanical subsystem affect electrical harmonics,256

is represented by the green lines in Fig.6 and Fig.7.257

In summary, the output impedance characteristics of PMSG-WTs can be significantly influenced by the electro-258

mechanical coupling effect. This complex interaction between the electrical and mechanical subsystems involves a259

bidirectional process, where harmonics are transferred between the two subsystems. This coupling can lead to variations260

in the stability of electrical oscillations.261

3.2. Influence of Mechanical Shaft Subsystem262

According to the above discussion, it is indicated that the relationship between electromagnetic torque perturbation263

𝑇̂e and rotor electrical angular position disturbance 𝜃̂r serves as a bridge between the electrical and mechanical264

subsystems. This is because the electromagnetic torque acts on the rotor and interacts with the primary mechanical265

torque to drive the rotor’s rotation. As is well known, greater rotor inertia means a stronger capability to maintain its266

operational status under small perturbations, suggesting that electrical harmonics are less likely to excite mechanical267

disturbances. In other words, the influence of electro-mechanical coupling on the impedance characteristic is reduced.268

The Bode plots of the PMSG-WT equivalent positive-sequence impedance𝑍p
equ(𝑠) with different rotor inertia time269

constants 𝑇J2 are illustrated to verify this discussion. The connected weak grid is the same as in Sec.2.4 with an SCR270

of 2. As shown in Fig.8(a), varying rotor inertia mainly affects the curves of 𝑍p
equ(𝑠) within the super-synchronous271

frequency band. As the value of 𝑇J2 increases, the resonant peak frequency of the impedance amplitude curve shifts272
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Fig. 8. Influence analysis of mechanical shaft subsystem.

to the left, and significant changes in phase occur near the resonant peak. When 𝑇J2 varies between 1/5 to 5 times its273

original value (0.86 s), the phase at the same frequency can vary by approximately 260 degrees. According to [29], the274

weak-grid-tied PMSG system is at high risk of super-synchronous oscillation, but the substantial phase gap may lead275

to different stability analysis results depending on the varying rotor inertia, as reflected in this paper.276

The damping coefficient 𝐷 of the coupling shaft between the WT and rotor is typically used to measure the277

relationship between damping torque and rotational speed change. A larger 𝐷 indicates a greater damping effect of the278

shaft and a smaller change in rotational speed under the same torque perturbation. Therefore, the damping coefficient279

𝐷 also influences harmonic transfer between the mechanical and electrical subsystems. The effect of shaft damping280

is shown in Fig. 8(b) with different values of 𝐷. Similar to the effect of inertia, changes in 𝐷 also affect the positive281

impedance 𝑍p
equ(𝑠) within the super-synchronous frequency band, primarily affecting the phase response. However,282

compared to the influence of 𝑇J2, the effect of 𝐷 is less pronounced. When 𝐷 increases from 1/5 to 5 times its original283

value (1.5 p.u.), the resonant peak frequency slightly shifts to the left, and the phase gradually approaches 90◦ and284

−90◦.285

Therefore, both rotor inertia 𝑇J2 and damping coefficient 𝐷 influence the strength of the coupling between the286

electrical and mechanical subsystems, primarily by affecting the harmonic transfer of electromagnetic torque 𝑇̂e to287

the angular position disturbance 𝜃̂r . An increase in 𝑇J2 and 𝐷 indicates greater damping in the mechanical system’s288

response, which leads to a weaker electro-mechanical coupling effect. It is important to note that the trends resulting289

from changes in the shaft system parameters are influenced by the fundamental electrical parameters and control290

settings. However, these trends may not be entirely consistent across different WT parameter settings.291

4. Case Study292

A weak-grid-tied PMSG-WT system is constructed in MATLAB/Simulink for case study, incorporating both the293

mechanical shaft subsystem and the electrical subsystem, as illustrated in Fig.1. The circuit parameters are as specified294

in TABLE1, and the control parameters are detailed in TABLE 2. Time-domain simulations are performed in this295

section to validate the effects of electro-mechanical coupling analyzed in the preceding sections.296

As shown in Fig.9(a), the impedance bode plot of the grid-connected PMSG-WT system, which includes the297

mechanical shaft subsystem as described in (19), indicates that the system is at risk of instability with a phase margin298

of 15◦ at 68 Hz. This is because the PMSG-WT and the weak grid with an SCR of 2 form an equivalent RLC resonant299

circuit with insufficient phase margin. In contrast, Fig.9(a) also illustrates the impedance of a PMSG-WT without the300

mechanical shaft subsystem and a simplified GSC model with DC-bus dynamics. The PMSG-WT model without the301

shaft subsystem has a phase margin of 52◦ at 68 Hz, indicating a good stablility margin. For the simplified GSC model,302
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Table 2
Control Parameters of PMSG-WT system.

Parameters Descriptions Values
𝐾pp∕𝐾pi PLL PI gain 0.3069/25.2437
𝐾sp∕𝐾si GSC current controller 0.0002/0.0463
𝐾vp∕𝐾vi GSC voltage controller 1.5838/195.0837
𝐾wp∕𝐾wi MSC speed controller 5/50
𝐾rp∕𝐾ri MSC current controller 0.0004/0.085
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Fig. 9. Oscillation analysis of the weak-grid-tied PMSG-WTs system.

the impedance amplitude curve intersects with the grid impedance amplitude curve at 75 Hz, with a phase margin of303

13◦, which indicates a poor stability margin.304

Furthermore, the Nyquist criterion is applied to analyze the stability of the interconnected system, as shown in305

Fig.9(b). To facilitate intuitive judgment, a forbidden region centered at (−1, 𝑗0) with a radius of𝑅min is defined based306

on the maximum peak criterion (MPC) [30], as illustrated by the gray area. The forbidden radius 𝑅min is determined307

based on the desired gain margin (GM) and phase margin (PM), given by (21). In this study, the target values for GM308

and PM are chosen as 2 dB and 30◦, respectively. If the impedance ratio curve enters the forbidden region, it indicates309

that the PM or GM is insufficient, and the system is at risk of oscillations.310

𝑅min = max
{

2 sin
(
𝑃𝑀
2

)
, 1 − 1

𝐺𝑀

}
. (21)

For the PMSG-WT model that includes the shaft subsystem, the Nyquist curve enters the forbidden region,311

indicating insufficient stability margin and a risk of oscillation at 68 Hz. This frequency corresponds to the intersection312

point between the impedance loci and the unit circle. In contrast, when the mechanical shaft subsystem is not313

considered, the impedance ratio curve remains outside the forbidden region, suggesting a sufficient stability margin314

and indicating that the system can be considered stable. For the simplified GSC model, the Nyquist curve shows an315

unstable system with a risk of oscillation at 75 Hz.316

Correspondingly, due to the frequency coupling effect observed in the Hami accident, both the impedance bode plot317

and Nyquist criterion predict potential current oscillation issues at 68/32 Hz for the PMSG-WT model that includes318

the shaft subsystem. This is contrary to the stability conclusions drawn from the PMSG-WT model without the shaft319

subsystem. Meanwhile, the impedance model of the GSC predicts instability with current oscillation issues at 75/25320

Hz. Therefore, time-domain simulations are necessary to further validate the model effectiveness, as they better reflect321

the actual system dynamics.322

In Fig.10, time-domain simulation experiments are conducted to validate the theoretical analysis discussed earlier.323

The grid impedance is changed from SCR=3 to SCR=2 at 𝑡 = 10 s, while a small disturbance is injected at the PCC324
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Fig. 11. Frequency-domain spectra of the weak-grid-tied PMSG system showing that oscillations take place at 68 Hz and 32 Hz.

for stability verification. Before 10s, the systemis stable. However, upon injecting the disturbance, oscillations appear325

in the output current, voltage, and power waveforms at the PCC, as well as in the DC-bus voltage 𝑉dc, as shown in326

Fig.10(a). The FFT spectra in Fig. 11 reveal that the current oscillates at 68 Hz and 32 Hz, which aligns with the327

analysis results using the PMSG-WT impedance model that includes the mechanical shaft subsystem. This confirms328

that neglecting the electro-mechanical coupling effect and omitting the machine-side models, including the MSC and329

generator, results in errors in the analytical model and can lead to inaccuracies in grid-connected stability analysis.330

Furthermore, the drive-train torsional oscillation observed is a consequence of the electrical oscillation. The stator331

current harmonics generate electromagnetic torque disturbances through the magnetic flux of the generator, which332

in turn affects the rotatory speed at 18 Hz, as shown in Fig.10(b) and Fig.11. These simulation results align with333

the predictions from the bode plot in Fig. 9(a). As previously analyzed, disturbances in rotatory speed 𝜔̂r lead to334

disturbances in angular displacement 𝜃̂r , which then affect the output current through the Park transform in the MSC335

controller.336
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Therefore, the analysis and numerical simulation in this case validate that the electro-mechanical coupling effect337

between the electrical and mechanical subsystems in PMSG-WT systems significantly impacts grid-connected system338

stability.339

5. Conclusion340

This paper proposes an impedance model for PMSG-WTs that accounts for the electro-mechanical coupling effect,341

aiming to highlight the importance of including the mechanical subsystem in the study of electrical oscillation issues.342

The paper specifically describes the harmonic transfer relationship between the mechanical and electrical subsystems of343

PMSG-WTs, detailing the influence of the electro-mechanical coupling effect on the output impedance characteristics.344

The following conclusions can be drawn.345

The electro-mechanical coupling effect can impact the entire output impedance of PMSG-WTs through the346

following process. The presence of harmonics in current and voltage in the WTs’ electrical subsystem can cause347

electromagnetic torque disturbances 𝑇̂e in the generator. This, in turn, can lead to disturbances in both the rotatory348

angular speed 𝜔̂r and the electrical angular position 𝜃̂r in the rotor shaft system. As a result, the transformation from349

𝑎𝑏𝑐 to 𝑑𝑞-frame during the modulation process in the MSC, which measures 𝜃̂r , can affect the output stator current350

and voltage harmonics.351

The strength of electro-mechanical coupling effect can be affected by the rotor inertia 𝑇J2 and damping coefficient𝐷352

in the shaft system, mainly through affecting the harmonic transfer of electromagnetic torque 𝑇̂e to the angular position353

disturbance 𝜃̂r . Increasing 𝑇J2 and 𝐷 means that there is more damping to the change of the mechanical system states,354

and also means weaker electro-mechanical coupling effect.355

The results demonstrated that the proposed impedance model of PMSG-WTs takes the electro-mechanical356

coupling effect into consideration, which can provide a more accurate stability analysis tool for electrical oscillations.357

Considering the diversity of WT types, controllers, and parameters, future research will focus on measuring and358

evaluating the applicability range of different impedance models. This will help in selecting more practical analytical359

models while ensuring analysis accuracy.360

A. Expressions of impedance model coefficient matrices361

The coefficient matrix in the generator model is362

𝐆1 =
[
𝑒−𝑗𝜑0 𝑒𝑗𝜑0

−𝑗𝑒−𝑗𝜑0 𝑗𝑒𝑗𝜑0

]
,

𝐆2 =
[ (

𝑅s + 𝑠1𝐿d + 𝑗Ωr𝐿q
)
𝑒−𝑗𝜑0

(
𝑅s + 𝑠1𝐿d − 𝑗Ωr𝐿q

)
𝑒𝑗𝜑0

−𝑗
(
𝑅s + 𝑠1𝐿q + 𝑗Ωr𝐿d

)
𝑒−𝑗𝜑0 𝑗

(
𝑅s + 𝑠1𝐿q − 𝑗Ωr𝐿d

)
𝑒𝑗𝜑0

]
,

𝐆3 =
1
2

⎡⎢⎢⎢⎣
{
𝑗(𝑉s1𝑒−𝑗𝜑0 − 𝑉 ∗

s1𝑒
𝑗𝜑0 ) − 𝑗(𝑅s + 𝑠1𝐿d + 𝑗Ωr𝐿q)𝐼s1𝑒−𝑗𝜑0

+𝑗(𝑅s + 𝑠1𝐿d − 𝑗Ωr𝐿q)𝐼∗s1𝑒
𝑗𝜑0 − 2𝑠1𝐿q𝐼qs

}
{
(𝑉s1𝑒−𝑗𝜑0 + 𝑉 ∗

s1𝑒
𝑗𝜑0 ) − (𝑅s + 𝑠1𝐿q + 𝑗Ωr𝐿d)𝐼s1𝑒−𝑗𝜑0

−(𝑅s + 𝑠1𝐿q − 𝑗Ωr𝐿d)𝐼∗s1𝑒
𝑗𝜑0 − 2𝑠1(𝐿d𝐼ds + 𝜑m)

} ⎤⎥⎥⎥⎦ ,
where, 𝐿d, 𝐿q, 𝑅s represent the stator inductance along the 𝑑𝑞-axis and stator resistance, respectively.363

The coefficient matrices in the GSC model are364

𝐏1 =
1
2
𝐾m

[
𝑉 ref
dc 𝐻si(𝑠1)𝐻v(𝑠1) +𝑀i1
𝑉 ref
dc 𝐻si(𝑠1)𝐻v(𝑠1) +𝑀∗

i1

]
,

𝐏2 = 𝐾m𝑉
ref
dc

[
−𝐻si(𝑠1) + 𝑗𝐾sd 0

0 −𝐻si(𝑠1) − 𝑗𝐾sd

]
,

𝐏3 =
1
2
𝐾m𝑉

ref
dc 𝑇PLL(𝑠1)

⋅
[
(𝐻si(𝑠1) − 𝑗𝐾sd)𝐼g1 +𝑀i1 −(𝐻si(𝑠1) − 𝑗𝐾sd)𝐼g1 −𝑀i1
−(𝐻si(𝑠1) + 𝑗𝐾sd)𝐼∗g1 −𝑀

∗
i1 (𝐻si(𝑠1) + 𝑗𝐾sd)𝐼∗g1 +𝑀

∗
i1

]
.
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The coefficient matrices in the MSC model are365

𝐐1 =
1
2
𝐾m

[
𝑀r1,𝑀

∗
r1

]𝑇 ,
𝐐2 = 𝐾m𝑉

ref
dc

[
−𝐻ri(𝑠1) 0

0 −𝐻ri(𝑠1)

]
,

𝐐3 =
1
2
𝐾m𝑉

ref
dc

⎡⎢⎢⎢⎣
{
[𝑗𝐻ri(𝑠1) +𝐾𝑟𝑑]𝐼s1 + (𝑗 − 1)𝑒𝑗𝜑0

+𝑗𝑠1𝑒𝑗𝜑0𝐻𝜔(𝑠1)𝐻ri(𝑠1)

}
{
[−𝑗𝐻ri(𝑠1) +𝐾𝑟𝑑]𝐼∗s1 − (𝑗 + 1)𝑒−𝑗𝜑0

−𝑗𝑠1𝑒−𝑗𝜑0𝐻𝜔(𝑠1)𝐻ri(𝑠1)

}⎤⎥⎥⎥⎦ .
The coefficient matrices in DC-bus model are366

𝐄1 = Λ
[
𝐼∗g1 𝐼g1

]
,

𝐄2 = Λ
[
𝑉 ∗
i1 𝑉i1

]
,

𝐄3 = Λ
[
𝐼∗s1 𝐼s1

]
,

𝐄4 = Λ
[
𝑉 ∗
s1 𝑉s1

]
,

where367

Λ = −3∕
(
2𝑠1𝑉 ref

dc 𝐶dc
)
, 𝑠1 = 𝑗2𝜋(𝑓p − 𝑓1).

The coefficient matrices in electromagnetic torque are368

𝐓 =
[
𝑇1(𝑠1) 𝑇2(𝑠1)

]
,

where369

𝑇1(𝑠1) =
−𝑗6𝑝2

[
(𝐿d−𝐿q)𝐼s1+𝜓m

]
𝑒−𝑗𝜑0

4𝑀(𝑠1)+3𝑝2
[
(𝐿d−𝐿q)(𝐼2s1𝑒

−𝑗𝜑0+𝐼∗s1
2𝑒𝑗𝜑0 )+𝜓m(𝐼s1𝑒−𝑗𝜑0+𝐼∗s1𝑒

𝑗𝜑0 )
] ,

𝑇2(𝑠1) =
𝑗6𝑝2

[
(𝐿d−𝐿q)𝐼∗s1+𝜓m

]
𝑒𝑗𝜑0

4𝑀(𝑠1)+3𝑝2
[
(𝐿d−𝐿q)(𝐼2s1𝑒

−𝑗𝜑0+𝐼∗s1
2𝑒𝑗𝜑0 )+𝜓m(𝐼s1𝑒−𝑗𝜑0+𝐼∗s1𝑒

𝑗𝜑0 )
] .
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