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Abstract: At present, the direct drive permanent magnet synchronous generator (DD-PMSG) grid connected system based on virtual synchronous generator (VSG) control will experience power oscillation at sub synchronous frequencies. The mechanism and characteristics of this new type of sub-synchronous interaction (SSI) are not yet clear, and the system cannot recover to steady state solely based on the characteristics of VSG itself. Especially when connected to a weak current network, oscillations are more pronounced, affecting the stability of the system. In severe cases, the system may trigger shutdown protection and be disconnected from the network. Existing research has only analyzed the oscillation mechanism under this phenomenon and has not proposed corresponding control strategies. This article proposes a VSM control strategy based on the VSG control algorithm, which balances the dq axis component of voltage and current, and improves the voltage and current loop of VSG control to reduce the impact of sub-synchronous oscillation (SSO) on the power grid. In MATLAB/Simulink, a simulation model of the proposed control strategy was built to verify its correctness and effectiveness.
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Nomenclature



	COA
	Chaotic optimization algorithm



	DD-PMSG
	Direct-drive permanent magnet synchronous generator



	DFIG
	Doubly fed induction generator



	ECKF
	Extended complex Kalman filter



	FACTS
	Flexible AC transmission system



	GSC
	Grid-side converter



	HVDC
	High-voltage direct current



	IGE
	Inductive generator effect



	IMM
	Interactive multi-model



	ML
	Maximum likelihood



	MRF
	Median regression function



	NFs
	Notch filters



	PLL
	Phase-locked loop



	PMSG
	Permanent magnet synchronous generator



	PMU
	Phasor measurement unit



	PSO
	Particle swarm optimization



	RSC
	Rotor-side converter



	SCR
	Short-circuit ratio



	SG
	Synchronous generator



	SMES
	Superconducting magnetic energy storage



	SSCI
	Sub-synchronous Control Interaction



	SSDC
	Sub-synchronous damping controller



	SSI
	Sub-synchronous interaction



	SSO
	Sub-synchronous oscillation



	SSR
	Sub-synchronous resonance



	STATCOM
	Static synchronous compensator



	SVC
	Static reactive power compensator



	TA
	Transient torque amplification



	TI
	Torsional interaction



	VSC
	Voltage source converter



	VSG
	Virtual synchronous generator




1  Introduction

By the end of 2021, China’s installed capacity of power generation was 2,200.58 million kilowatts (MWs), which increases by 9.5% over the end of last year. Among them, the installed capacity of thermal power and hydropower increased by 4.7% and 3.4%, respectively; the installed capacity of grid-connected wind power was 281.53 MWs, which increases by 34.6%; the installed capacity of grid-connected solar power was 253.43 MWs, an increase of 24.1% [1]. It can be seen that the installed capacity of thermal power and hydropower has increased significantly, and the installed capacity of grid-connected wind power and solar power has grown rapidly. Unfortunately, with the rapid growth of wind power, sub-synchronous oscillations (SSO) have been observed in some wind farms with weak grid interconnection. SSO greatly affects the stability of the system, and in severe cases, the system may trigger shutdown protection and be disconnected from the network. This article analyzes the SSO phenomenon caused by the direct drive wind power grid-connected system passing through long-distance transmission lines. On the one hand, we suppress the impact of SSO on the power grid, and on the other hand, we improve the performance of VSG under frequency oscillation.

In recent years, virtual synchronous generator (VSG) technology [2] has been used to control grid-connected inverters. It borrows the mechanical and electromagnetic equations from the SG [3] while combining inertia characteristics [4], active power regulation frequency [5] and reactive power regulation voltage [6]. However, VSGs borrowed from SG will also have all the advantages and disadvantages of synchronous machines, such as the possibility of bad phenomena in synchronous inverters; loss of stability due to under-excitation and oscillations [7].

In the steady-state or small disturbance of the power system, the oscillation of the traditional power system is mainly divided into the low-frequency oscillation (0.5~3 Hz) and the SSO (<50 Hz) of the local generator and external network [8]. With the increasing proportion of power electronic equipment in the power system, the broadband oscillation of modern power systems is mainly divided into resonance and control oscillation. The resonance dominated by power electronic equipment is caused by the generation and transmission of new energy, while the control oscillation is caused by the integration of new energy into the grid. Two types of oscillations will be briefly described below:

   (1)   Resonant class oscillations are caused by inductive-capacitive LC resonant circuits. This oscillation contains three subclasses: conventional sub-synchronous resonance (SSR), ferromagnetic resonance, and power electronics-dominated resonance. Based on the destabilization mechanism, conventional SSR can be further classified into induction generator effect (IGE), torsional interaction (TI) and transient torque amplification (TA). Ferromagnetic resonance is a form of self-excited oscillation in power systems and is a resonant phenomenon generated by the nonlinear inductance of transformers, voltage transformers and other components in substations, as well as the grounding capacitance of cables and overhead lines. Main resonances in power electronics include high frequency resonances in flexible DC transmission systems, resonances in doubly-fed turbines through series complementary feeder systems, and high frequency switching or control triggered resonances in voltage source converters (VSCs).

   (2)   For control oscillations, there is no LC electrical resonance loop in the system and the power electronic controller has a significant influence on such oscillations. This type of oscillation includes two subcategories of SSO and power electronic dominated control oscillations. Conventional SSO refers to the sub-synchronous oscillation phenomenon caused by the interaction between the synchronous generator shaft system and the fast control characteristics of the power electronics of high-voltage direct current (HVDC) or flexible AC transmission systems (FACTS) [9,10]. The dynamic interaction between the VSC equipment and the weak grid causes the direct-drive wind power control system to exhibit negative damping of the sub-synchronous oscillation mode, which triggers the sub/super-synchronous oscillation phenomenon. In large-scale new energy sites, SSO with time-varying frequencies can be monitored by means of series complementary or weak AC grid systems [11,12]. This phenomenon is related to the converter control and line series complement capacitance of the doubly-fed induction wind turbine and is not related to the shaft torsional oscillation and is referred to as sub-synchronous Control Interaction (SSCI). Some studies have shown that there is also SSCI between the VSG and the weak power grid [13]. Reference [14] presented a literature review on the damping of power system oscillations. The study identifies various control design techniques, technologies and features used in power systems. In addition, it discusses various devices and tools for minimizing damping in conventional grids and renewable energy sources.

With the frequent occurrence of oscillations, online monitoring and accurate alarming of the power system are essential for its safe and stable operation. A phasor measurement unit (PMU) enables dynamic real-time monitoring of the power system [15]. However, where the use of series capacitors in long-distance transmission lines can lead to SSO, the SSO phenomenon must be accurately detected within a short time. An efficient, safe and improved method of SSO detection based on voltage signals is proposed, where the voltage magnitude signal is passed through a first order bandpass filter only via a sub-synchronous frequency and the best decision is made in the decision phase (single sign-on detection, immediate tripping or normal tripping) based on the data received from the analysis phase [16].

The traditional power system oscillation problems have more mature theories and methods in terms of mechanism research, characteristic analysis and oscillation suppression. However, in the new power system, the broadband oscillations caused by power electronics present new phenomena and characteristics, such as various forms, broadband characteristics, time-varying characteristics and wide-area propagation characteristics. A new strategy for suppressing SSO in series capacitor compensated power systems by controlling the active power of superconducting magnetic energy storage (SMES) devices was proposed in [17]. The strategy is based on the generator acceleration signal and the chaotic optimization algorithm (COA) is used to obtain the optimal parameters of the proposed controller. However, reactive power is not taken into account. Reference [18] proposed a method to control the active and reactive power of a SMES system based on reference [17], which prioritises active power over reactive power, with primary frequency and voltage control used to calculate active and reactive power reference values for the SMES system, and these gains are calculated by a particle swarm optimization (PSO) algorithm. A median regression function (MRF) based state estimation method was proposed in reference [19]. The algorithm uses an interactive multi-model (IMM)-based fusion architecture deployed on each monitoring node. The system considers an exogenous variable-driven representation of the state. Initial regression analysis based on mapping functions is used to describe the state estimation bounds at the time of data injection. An improved PLL was proposed to replace the conventional phase-locked loop in reference [20]. Aiming at the problem that the control of the rotor-side converter (RSC) and grid-side converter (GSC) in the doubly fed induction generator (DFIG) wind power system is disturbed by harmonic signals under SSO, it is proposed to add the quasi-resonance controller to the RSC and GSC to suppress SSO. However, both traditional PI control and quasi-resonant controllers have the problem of insufficient robustness. To reduce the SSO of the permanent magnet synchronous generator (PMSG), an energy shaping L2 gain controller (ESLGC) for the MSC and the GSC was proposed in reference [20]. This ESLGC has better robustness and damping performance under various operating conditions. However, ESLGC does not use non-linear analysis techniques to assess the performance of the damping controller, which has resulted in less widespread use. Several scholars have investigated the use of static reactive power compensators (SVCs) and TCR-FCs (silicon controlled rectifiers with fixed capacitors) to suppress SSO [21]. The collection of reactive power variations, frequency variations, active power variations and current variations can be used to enhance the dynamic response of the system. However, Reference [21] only captures reactive power changes and does not further combine the two signals into a single controller. Similarly, a new auxiliary sub-synchronous damping controller (SSDC) has been proposed for transmission lines with series compensation [22] and an auxiliary SSDC for static synchronous compensator (STATCOM), which uses the generator rotor speed deviation signal as a stabilising signal [23]. In contrast to reference [22], MMC-STATCOM proposes an additional broadband damping controller that provides an additional broadband damping control strategy to mitigate SSCI. This method uses notch filters (NFs) to filter only the fundamental frequency component of the current to obtain the corresponding sub-synchronous component to generate the damping control signal [24]. This strategy does not require phase compensation and, in contrast to previous studies, always allows the extraction of the corresponding sub-synchronous components. For SSO caused by weak grids, an impedance model of VSG under weak grids was developed and the mechanism and characteristics of the occurrence of sub-synchronous resonance (SSR) in the analysis [25]. Using small-signal analysis [26,27], key parameters such as the PLL were examined. References [28,29] improved the existing extended complex Kalman filter (ECKF) technique to track electromechanical oscillations using simultaneous phase measurements. Not only can the distributed structure be estimated to estimate the oscillation parameters of the local substation, but also the ability to detect multiple oscillations with similar frequencies can be improved.

In summary, there are many new challenges to study and analyze SSO. Table 1 lists the current mainstream studies on suppressing SSO, and in response to the shortcomings of the above studies, this paper considers the frequency coupling effect and uses VSM-VSG cooperative control to effectively suppress SSO and provide frequency support for the system.
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This study uses an analytical model of a type IV wind power system on a weak current network to demonstrate sub-synchronous frequency oscillations. Firstly, considering the frequency coupling effect, impedance model analysis is conducted on VSG. The purpose of drawing a Bode diagram is to examine key factors and determine the root causes of such instability and resonance problems. To improve the SSO suppression ability of VSG, the application of VSM control strategy on the machine side and a new voltage and current dual loop control strategy on the network side were studied. This control strategy improves the grid connection voltage and current waveform by adding the dq component of the grid voltage to the GSC, in order to meet the requirements of harmonic suppression under different weak current grid conditions. The simulation results show that this method can effectively suppress the impact of SSO on the power grid.

The main contributions of this paper are summarized below:

1. VSG impedance model was analyzed based on frequency coupling effect and DC side disturbance to study the influence of VSG parameters on SSO suppression.

2. Use the VSM control policy to increase damping and inertia during the oscillation period to provide frequency support for the system. The dq axis components of voltage and current are balanced by adding the dq component of grid voltage to the GSC side to form feedback.

The current dissertation organization is continued. Section 2 presents the general principles of the VSG control technique. Section 3 presents the complete Type IV wind power model. Section 4 models the impedance of the PLL and VSG. Section 5 presents the effect of the parameters of impedance modelling on the bode plots and the results of adopting the suppression strategy. Section 6 is the conclusion.

2  VSG Control Principle

The classic control block diagram of VSG is shown in Fig. 1, where Udc is the DC bus voltage, S1∼S6 are insulated gate bipolar transistors (IGBTs), and Lf, Rf, Lg, Rg, and Cf are LCL filter parameters. The structure is a full-bridge inverter with a three-phase, three-wire system. The output voltage uabc and current iabc of the VSG are sampled in real-time to calculate the actual output power, and the output modulation wave E is obtained by using the VSG control algorithm. Then, the modulating wave E∗ of the current loop is obtained through the virtual impedance function. The current loop affects the SVPWM modulation wave according to the input voltage E∗, thereby controlling the output voltage from VSG and achieving precise control of the system.
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Figure 1: VSG-class control block diagram

The traditional SGs adjust the active output of the generator by adjusting the mechanical torque and realising the response to the frequency deviation of the grid through the frequency regulator. Based on this principle, the adjustment of the active command of the grid-connected inverter is realized by adjusting the virtual mechanical torque Tm of the VSG. The prime mover regulation and the rotor equation of motion together constitute the power frequency regulator. The synchronous generator prime mover is adjusted as:

Jdωdt=Tm−Te−Td=Tm−Te−D(ω−ω0)(1)

Qset+Dq(V0−V)−Qe=KsEm(2)

dδdt=ω−ωn(3)

Pm=Pref+kf(ωn−ω)(4)

where Pm is the mechanical power, ω is the angular frequency, δ is the power angle, ω0 is the grid synchronous angular velocity, Pref is the given electromagnetic (active) power, and Kf is the frequency modulation coefficient. Tm, Te and Td are the mechanical, electromagnetic and damping torques of the SG, respectively, D is the frequency-active power droop coefficient, and J is the moment of inertia of the SG.

Furthermore, the potential voltage vector of the VSG can be obtained as:

E=[eaebec]=[Esin⁡(φ)Esin⁡(φ−2π/3)Esin⁡(φ+2π/3)](5)

where φ=∫ωdt is the phase of the VSG.

As shown in Fig. 1, the relationship between the internal potential of the VSG, the output terminal voltage and the output current can be as follows:

[eaebec]=(LfCfs21+CfRfs+1)[uaubuc]+Lfs[iaibic](6)

3  Impedance Modelling

Under the disturbance of small signal, the voltage and current of the AC port of the converter contain the fundamental frequency component, the disturbance frequency component and the coupling frequency component. Taking phase A as an example, the time domain expressions of voltage and current of the converter port are, respectively:

ua(t)=U1cos⁡(2πf1t+ϕu1)+Upcos⁡(2πfpt+ϕup)+Uncos⁡(2πfnt+ϕun)(7)

ia(t)=I1cos⁡(2πf1t+ϕi1)+Ipcos⁡(2πfpt+ϕip)+Incos⁡(2πfnt+ϕin)(8)

where the fundamental frequency voltage and current amplitudes are U1, I1 and the initial phase is set to zero, the subscript p is used to represent the component with frequency fp, and the subscript n is used to represent the component with frequency fn.

Fourier transforms the corresponding time-domain expressions of Eqs. (7) and (8) into:

Ua[f]={U1f=± f1Upf=± fpUnf=± fn(9)

Ia[f]={I1f=± f1Ipf=± fpInf=± fn(10)

where U1=12U1, Up=12Upe±jϕup, Un=12Une∓jϕun and the current components I1, Ip, and In are similar to the voltages.

3.1 DC Link

The new energy and grid interconnection system can be simplified in Fig. 2. The DC link is mainly composed of capacitors, which stabilize the DC voltage rectified by the machine-side rectifier at a fixed value.
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Figure 2: DC link structure diagram

In Fig. 2, Pm is the instantaneous power output by the machine, and Pg is the absorbed power of the power grid. The MSC converts the AC output of the motor into DC power. After the DC voltage has passed through the GSC, it is then converted to AC power with the same frequency, amplitude and phase as the grid voltage. As can be seen from Fig. 2. The energy storage of the capacitor Cdc is:

Cdc2d(Udc)2dt=Pm−Pg(11)

In order to effectively transmit power, Udc should be controlled as a constant.

It can be seen from the power balance that the power output at the machine side should be equal to the power absorbed by the grid, that is:

(Idc−sCdcUdc)Udc=∑k=a,b,cVik(s)∗ik(s)(12)

3.2 VSG Link

The implementation of VSG control requires the use of a suitable inverter control structure. Commonly used control methods are P/Q control, V/F control and Droop control. VSG control algorithms can be divided into two main categories, which are described below:

P/Q control, composed of an outer power loop and an inner current loop, can realize the constant power output of the distributed generator. P/Q control is widely used in grid-connected VSG units. When P/Q control is applied in grid-connected mode, the active power can obey the governor’s scheduling command well.

V/F control can output a constant voltage and frequency. This control method is more common when the island VSG. The VSG achieves amplitude control of the voltage by simulating the excitation regulation of the SG. The output voltage is adjusted according to the VSG output voltage deviation and the voltage regulation capability is characterized by a voltage regulation factor. Fig. 3 is the active power and reactive power control block diagram of the VSG.
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Figure 3: VSG control (a) active power control (b) reactive power control

It has been found that there is a strong coupling effect between the frequency fp and its complementary frequency 2f1−fp in voltage source converter (VSC) [40,41], where f1 is the fundamental frequency. If a disturbance voltage is applied to the VSC, the stimulated current not only contains components of the same frequency but also components of complementary frequencies.

Using the frequency convolution theorem, power in the frequency domain can be obtained:

Pe[f]={1.5V1Idrdc3(V1Ip+V1In+I1∗Vp+I1Vn)f=±fp(13)

Qe[f]={−1.5V1Iqrdc3(±jV1Ip∓jV1In−I2∗Vp−I2Vn)f=±fp(14)

where I2=(I1/2)e±j(φi1−π/2), Idr=I1cos⁡φi1, and Iqr=I1sin⁡φi1

In Fig. 3, θ and Em can be obtained according to the VSG active and reactive power controller.

θ=1Js2+Dps(ωnDp+Psetωn−Peωn)(15)

Em=1Ks+Dq(Qset−Qe)+V0(16)

Substituting Eqs. (13) and (14) into Eqs. (15) and (16). θ and Em in frequency can be obtained as Eqs. (17) and (18).

θ[f]={1Js2+Dps[ωnDp+Psetωn−1.5V1Idrωn]dc−3ωn1Js2+Dps(V1Ip+V1In+I1∗Vp+I1Vn)f=±fp(17)

Em[f]={V0dc−3D(s)(±jV1Ip∓jV1In−I2∗Vp−I1Vn)f=±fp(18)

The output reactive power of the voltage-controlled VSG is determined by the voltage amplitude difference on the filter inductor Lf. Usually, the value Lf is small, so the voltage amplitude difference on it is small. In addition, the voltage fluctuation of the output terminal of the voltage-controlled VSG is also small and thus Em can be considered a constant when modelling small signals. The positive and negative sequence impedances of the voltage-controlled VSG are shown in Appendixes A1 and A2.

The voltage-current loop controlled by VSG is shown in Fig. 4. E is the voltage modulated by the reactive power loop, Kpv is the proportional adjustment coefficient of the voltage loop, Kpc and Kic are the proportional and integral coefficients of the current loop respectively. Kd is the decoupling term. The double closed-loop control method is adopted, which can track the voltage and current components of the dq axis timely and accurately, so it has good transient characteristics.
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Figure 4: Voltage and current double closed loop

In Fig. 4, the modulation through the voltage and current double loops can be obtained as:

{Cd=Gi(s)(idref−iLd)−KdiLqCq=Gi(s)(iqref−iLq)−KdiLd(19)

where Gi(s) is the transfer function of PI control in current regulator.

When a phase angle disturbance occurs in the PLL, Δθ ≠ 0, the output voltage and current of the voltage-controlled VSG in the dq coordinate system can be obtained as:

Vd[f]={V1dcVp+Vnf=±fp(20)

Vq[f]={0dc∓jVp±jVn−3V1ωn1Js2+Dps(V1Ip+V1In+I1∗Vp+I1Vn)f=±fp(21)

Id[f]={I1cos⁡φi1dcIp+In+3Iqrωn1Js2+Dps(V1Ip+V1In+I1∗Vp+I1Vn)f=±fp(22)

Iq[f]={I1sin⁡φi1dc∓jIp±jIn+3Idrωn1Js2+Dps(V1Ip+V1In+I1∗Vp+I1Vn)f=±fp(23)

Integrating Eqs. (20)–(23), Cdq in frequency domain are shown in Appendixes A3 and A4, The sequence component of positive is taken at the same time, finally, the output impedance expression can be obtained in Appendixes A5–A8.

The admittance matrix can be obtained by impedance.

[YppYpnYnpYnn]=[ZnnZppZnn−ZpnZnp−ZpnZppZnn−ZpnZnp−ZnpZppZnn−ZpnZnpZppZppZnn−ZpnZnp](24)

3.3 Model Analysis of VSG

Fig. 5 is the Bode diagram of the VSG positive sequence impedance, the parameters are shown in Table 2. The moment of inertia J and the droop coefficient Dp are enlarged and reduced by 10 times, respectively. The comparison shows that J has a great effect on the phase margin, and the selection range J is not large for the low frequency, considering the stability margin. The droop coefficient Dp mainly affects the impedance characteristics near the fundamental frequency. The larger Dp is, the closer the VSG will be to the capacitance characteristics. The quantity in the high frequency range presents capacitive characteristics. It can lead to problems with the stability of VSG operation.
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Figure 5: VSG positive sequence impedance bode. (a) VSG positive sequence impedance when J changes (b) VSG positive sequence impedance when Dp changes
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The VSG output impedance can be improved by changing the parameters in the active and reactive loops, but changing the parameters of the power loop will have an impact on the dynamic stability performance of the VSG.

In Figs. 6a and 6b, J mainly affects the phase angle and amplitude of the positive sequence impedance of the VSG at low frequencies. For an excessively large J, the phase margin of the VSG impedance gradually increases. For an excessively little J, the phase angle and amplitude of the VSG impedance will change greatly at low frequencies, especially at the fundamental frequency. Therefore, there is a certain selection range for J. For the off-diagonal element Znp(s), the impedance Bode plot of Znn(s) is shown in Figs. 6c and 6d. As J gradually increases, the phase margin of the VSG negative sequence impedance also increases gradually.
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Figure 6: Bode plot of VSG output impedance during J transformation

It can be seen in Fig. 7. When K gradually increases, the larger the oscillation frequency of the response is, the better the system can suppress the shock. In the high frequency band, K is coupled with the impedance of the VSG. The larger the value K, the lower the coupling degree of the system.

[image: images]

Figure 7: Bode plot of VSG output impedance during K transformation

4  Simulation Verification

In this section, the VSM-VSG collaborative control strategy was adopted, as shown in Fig. 8 which mainly includes VSM control on the machine side and VSG control on the network side.
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Figure 8: Control block diagram of VSM-VSG

Generally, when the SCR is 2~3, it is a weak connection, and when the SCR is less than 2, it is a very weak connection. The connection strength to the AC grid is usually characterized by the connection reactance value. The larger the connection reactance, the weaker the AC system strength, the lower the SSO frequency, the weaker the damping, and the higher the risk of unstable SSO in the system.

The system model shown in Fig. 8 is built in MATLAB/Simulink, and the system parameters are shown in Table 3. The main validation in this paper is the effectiveness of the suppression strategy so that the natural variation in wind speed is not reflected.

[image: images]

The improved control block diagram is shown in Fig. 9. The wind turbine system is connected to the power grid through a power electronic converter. The MSC is generally used to control the maximum output power, and the GSC is used to control the DC bus voltage. Currently, converters are mainly vector controlled in the dq coordinate system. However, due to the coupling terms related to the system parameters in the decoupling process, the vector control method is sensitive to the changes in grid LCL filter system parameters. VSG control can be well applied to the back-to-back converter. The converter on the wind turbine side absorbs power from the permanent magnet synchronous generator (PMSG) and feeds it into the DC bus, so that it can operate in virtual synchronous motor (VSM) mode. Different from the vector control, the synchronous converter control strategy does not depend on the parameters of the PMSG, so it can improve the system’s performs well. The VSG algorithm is used to control the Type IV WTGs.
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Figure 9: 9 VSG control block diagram. (a) DC voltage regulation control (b) voltage control (c) improved voltage and current double loop

The voltage and current of the system simulation are shown in Fig. 10. The system is connected to the grid through the PLL at 1 s, and the power oscillation at the subsynchronous frequency occurs. Fig. 10a shows that the voltage occurs SSO within 1.45–1.5 s after grid connection, and gradually converges. During the occurrence of SSO, the waveform is seriously distorted. In the weak grid environment, the current contains a large number of harmonics, and the wave distortion is 14.36%.
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Figure 10: Grid-connected waveform. (a) voltage (b) current

Fig. 11 shows the grid integration of active and reactive power. From Fig. 11a, it can be seen that the active power has a large shock at grid connection, after which there is a periodic oscillation around 0, after which it slowly converges, but the oscillation time is long. From Fig. 11b, it can be seen that reactive power has a shock at 0.5 s. After that, the reactive power is negative, indicating that the grid is absorbing capacitive reactive power. At this time, the grid is capacitive and will form coupling with the grid inductance. This causes oscillation and affects the stability of the system.
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Figure 11: Oscillation power waveform. (a) active power (b) reactive power

Mainly to stabilize the DC voltage, DC voltage stabilization control was added at the front end of the active control link. The impact of DC voltage disturbance was fatal for the grid side, meanwhile, we modelized the active link of VSG to design the active power control and introduced the sag factor and rotational inertia as a way to stabilize the system.

The electromagnetic effect of the synchronous motor was taken into account in the reactive link and introduced the excitation current Mfif as a way to better simulate the operating characteristics of the SG. The reactive voltage sag factor is introduced to give the turbine side the ability to stabilize in case of faults.

The unimproved control strategy is unable to balance the coupling of the RSC and GSC voltage and current loop dq axes. The original controls did not take into account the grid voltage and current too, resulting in large grid current harmonics. To balance the dq axis voltage and current, the control algorithm shown is adopted on the grid side.

To verify the effectiveness of the control method, the voltage and current control are built in MATLAB/Simulink as shown in Fig. 9. The rest of the simulation conditions are the same.

The active power and reactive power are obtained as shown in Fig. 12. It can be seen that before 0.3 s, the power will still oscillate with amplitude reaching 500 kW. After 0.3 s, the system gradually stabilizes and the power fluctuates slightly.
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Figure 12: Power with improved control. (a) active power (b) reactive power

Fig. 13 shows the improved voltage waveform. The system operates in a very weak grid (SCR = 1.615) before 1.5 s, and the system has SSO that lasts for nearly 1 s, thus the grid voltage contained a large number of harmonics. The total harmonic of the wave distortion rate reached 13.67%, and then the waveform gradually approached the sine wave, and the system gradually stabilized. Afterwards, the system was operated under a weak grid (SCR = 2.15). It can be seen that the improved control method has a significant suppression effect on the SSO in the weak grid and can effectively suppress the harmonics of the grid voltage. Moreover, the harmonic distortion rate is 0.02%. As shown in Fig. 14. When the system is under normal strength (SCR = 4.6), due to the decrease in line impedance, the amplitude of grid voltage increases, which can meet the requirements of grid connection.
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Figure 13: Voltage with improved control
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Figure 14: FFT analysis of voltage

5  Conclusion

In this paper, a Type IV WTG is built to interconnect the system with the grid. The frequency-coupled impedance model of the VSG and VSG are developed by using impedance analysis methods. Improvements are made to the voltage and current dual loop to balance the dq component coupling. The control parameters of the VSG are analyzed and compared. The influence of the rotational inertia J and the voltage factor K on the system is investigated. It was found that:

   (1)   The turbine-side section is controlled by VSG with the addition of a voltage regulator module. Modification of PLL control parameters usually has a limited effect on the system impedance.

   (2)   For double closed-loop systems, J and K affect the phase and amplitude near the VSG fundamental frequency. The selection of a smaller J system will have fluctuations on the phase; at high frequencies, K couples the VSG impedance and K affects the coupling of VSG systems. The higher the K value, the lower the system coupling.

   (3)   The unbalanced double closed-loop system generates currents and voltages containing a large number of harmonics. The control strategy investigated is to add the grid voltage dq component to the GSC side for modulation. At the same time, the current inner loop is coupled in the dq axis in a balanced manner. This suppression strategy provides a good solution for the effect of SSO on grid connection, which can effectively suppress the effect of sub-synchronous frequency and reduce the harmonics of grid voltage and current.

The goal of this paper is to analyze and suppress SSO in weak grids, but the interaction between sub/super-synchronous and low frequency oscillations can be found in many fields today. Because of the above situation, research and analysis are still critical and urgent. This includes the impact of distributed power plants at different locations and the adaptive regulation of control systems.
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Appendix A

Zvp(s)=[3V14ωnM(s−j2πf1)K(s)ejφvir+sLf]∗[1+3I14ωnM(s−j2πf1)K(s)ejφvir]−1(A1)

Zvn(s)=[3V14ωnM(s+j2πf1)K(s)e−jφvir+sLf]∗[1+3I14ωnM(s+j2πf1)K(s)ej(−φvir)]−1(A2)

where ωv and ωi are the cut-off angular frequency of the low-pass filter of the voltage and current signals, respectively, Ts is the switching period. Remaining parameters are listed in Table 1.

Cd[f]={−Gi(s)Idr−KdIqr−Gi(s)Yc(s)V1dc{[−3D(s)B−Vp−Vn]kpv−Ip−In+3M(s)IqrAωn}Gi(s)−Kd[∓jIp±jIn+3M(s)IdrAωn]−Gi(s)Yc(s)(Vp+Vn)−KdYc(s)[3V1M(s)Aωn∓jVp±jVn]f=±fp(A3)

Cq[f]={−Gi(s)Iqr+KdIdr+KdYc(s)V1dc{[−3M(s)V1Aωn±jVp∓jVn]kpv±jIp∓jIn−3M(s)IdrAωn}Gi(s)−Gi(s)Yc(s)[∓jVp±jVn+3V1M(s)Aωn]+KdYc(s)(Vp+Vn)+Kd[−3M(s)IqrAωn+Ip+In]f=±fp(A4)

Zpp(s)={[−j3kpvGi(s−jω1)V1M(s−jω1)2ωn−j3kpvGi(s−jω1)D(s−jω1)2]×V1−Gi(s−jω1)+jKd−Lf(s+jω1)}×[−j3kpvGi(s−jω1)V1M(s−jω1)2ωnI1∗+3kpvGi(s−jω1)D(s−jω1)2I2∗−kpvGi(s−jω1)−Gi(s−jω1)Yc(s+jω1)+jKdYc(s+jω1)−Zf(s+jω1)]−1(A5)

Zpn(s)={[−j3kpvGi(s−jω1)V1M(s−jω1)2ωn+j3kpvGi(s−jω1)D(s−jω1)2]V1}×[−j3kpvGi(s−jω1)V1M(s−jω1)2ωnI1∗+3kpvGi(s−jω1)D(s−jω1)2I2∗−kpvGi(s−jω1)−G1(s−jω1)Yc(s+jω1)+jKdYc(s+jω1)−Zf(s+jω1)]−1(A6)

Znp(s)={[j3kpvGi(s+jω1)V1M(s+jω1)2ωn−j3kpvGi(s+jω1)D(s+jω1)2]V1}×[j3kpvGi(s+jω1)V1M(s+jω1)2ωnI1∗+3kpvGi(s+jω1)D(s+jω1)2I2∗−kpvGi(s+jω1)−Gi(s+jω1)Yc(s−jω1)+jKdYc(s−jω1)−Zf(s−jω1)]−1(A7)

Znn(s)={[j3kpvGi(s+jω1)V1M(s+jω1)2ωn+j3kpvGi(s+jω1)D(s+jω1)2]V1−Gi(s+jω1)+jKd−Lf(s−jω1)}×[j3kpvGi(s+jω1)V1M(s+jω1)2ωnI1∗+3kpvGi(s+jω1)D(s+jω1)2I2∗−kpvGi(s+jω1)−G1(s+jω1)Yc(s−jω1)+jKdYc(s−jω1)−Zf(s−jω1)]−1(A8)
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Table 3: Type IV wind power model system parameters

Parameter Value Parameter Value
P,[kW 1500 U,/v 380
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U./IV 600 C/uF 10
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Table 1: Comparison of research methods

Analysis and research

Advantage Disadvantage

Ref.

Sub-synchronous damping
controller

Adaptive mitigation
scheme

Self-regulating VSG
control system

A virtual coupling suitable
for DFIG

Parameter recognition
algorithm

Impedance modelling

1. Simple structure 1. Poor control performance

1. Reshape the impedance 1. Slow response
response of the system
1. VSG control algorithm is

1. Provide frequency only used for network side

support . control
2. Suppress transient in
stator current
3. Adaptive estimation of
power grid impedance
1. The use of virtual 1. Suppress the oscillation of
couplings the traditional SSO turbine
side motor shaft
1. Obtain frequency, 1. The complexity of

amplitude and phase of the algorithmic control
fundamental frequency,

sub-synchronous and

supers-synchronous

components
1. Clearly corresponds to 1. Neglected machine side
the control loop dynamics and DC side

2. The established positive perturbations
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negative sequence

impedance can be verified

through simulation and

testing
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Table 2: VSG impedance parameters

Parameter Value Parameter Value
f1/Hz 50 L,/[uH 8
f/kHz 10 T./s 1/10e3
J 5.8 % pi D,/N-m-s 1600

w,/rand.s 4000 % 2« pi  w,/ran.s 4000 = 2 * pi
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