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Grid-forming converters (GFMCs) are emerging as promising candidates in more-electronics power systems for their capabilities of forming voltage and frequency. Regarding the control of GFMCs, lots of research have been done on the active and reactive power control loop and the voltage control loop of standalone voltage source converters. However, little literature elaborates the design of the voltage and current controllers when GFMCs are connected to the grid. This paper analyzes the stability of standard dual-inner-loop GFMCs. The requirements for the stability are analyzed and the facts that limiting the control bandwidth are identified. Specifically, it is revealed that in the synchronous dq frame, the coupling terms introduced by the grid impedance have a non-negligible impact on system dynamics. More importantly, the conventional dual-loop control scheme inherently limits the control bandwidth of GFMCs to be less than 50 Hz. To improve the speed of tracking the reference, a novel control scheme with a band-pass filter and a band-stop filter is proposed. With the proposed control scheme, the bandwidth of the GFMC is increased without causing instability.

I. INTRODUCTION

The grid-forming converters (GFMCs) are emerging as an attractive solution for grid-support due to their merits of voltage and frequency regulation [START_REF] Lasseter | Grid-forming inverters: A critical asset for the power grid[END_REF]. The basic idea for GFMCs is to embed the characteristics of synchronous machines, e.g. self-synchronization, droop and inertia behaviors, into the power control of voltage source converters (VSCs) [START_REF] Beck | Virtual synchronous machine[END_REF], [START_REF] Qing-Chang | Selfsynchronized synchronverters: Inverters without a dedicated synchronization unit[END_REF]. Compared with the grid feeding converters (GFDCs) whose currents are controlled directly, the GFMCs are independent of phase lock loops (PLLs) and more suitable in weak grids. Furthermore, GFMCs can form grid voltage and frequency even without a reference voltage source [START_REF] Lasseter | Grid-forming inverters: A critical asset for the power grid[END_REF].

The design and control of outer loop power controllers have been widely discussed. [START_REF] Zhong | Synchronverters: Inverters that mimic synchronous generators[END_REF] emulates the synchronous generators behaviors with the VSCs. [START_REF] Wu | Small-signal modeling and parameters design for virtual synchronous generators[END_REF] builds the small signal model of the GFMC and gives the parameter design guideline of the power loop controllers. The equivalence between low-pass-filtered power feedback and virtual inertia in droop controlled GFMC is proved in [START_REF] Suul | Equivalence of virtual synchronous machines and frequency-droops for converter-based microgrids[END_REF]. [START_REF] Liu | Comparison of dynamic characteristics between virtual synchronous generator and droop control in inverterbased distributed generators[END_REF] compares the power loop oscillation damping methods in GFMC controls. A generalized stability requirement for individual GFMCs power controller design regarding the whole interconnection system stability is proposed in [START_REF] Qi | Passivity-based synchronization stability analysis for power-electronic-interfaced distributed generations[END_REF].

Nonetheless, most research works use direct voltage control [START_REF] Zhong | Synchronverters: Inverters that mimic synchronous generators[END_REF] or ignore the inner loop control [START_REF] Wu | Small-signal modeling and parameters design for virtual synchronous generators[END_REF], [START_REF] Qi | Robust power sharing control for parallel three-phase inverters against voltage measurement errors[END_REF], i.e. the voltage control, for the assumption that the bandwidth of voltage control loops is much faster than that of the power loops. In this case, the VSCs are considered as ideal voltage sources with no delay and tracking error in GFMCs [START_REF] Wu | Small-signal modeling and parameters design for virtual synchronous generators[END_REF]. However, the inner loop controllers are important for precise voltage tracking, harmonics filtering and LCL resonance damping [START_REF] Wang | Stability analysis and controller synthesis for single-loop voltage-controlled vsis[END_REF], [START_REF] Qi | Two-dimensional impedanceshaping control with enhanced harmonic power sharing for inverterbased microgrids[END_REF]. Although faster tracking speed is expected from GFMC to omit the voltage dynamics when designing the outer loops, few research works discussed the design and control for GFMCs voltages. The voltage tracking speed of the GFMC, and whether the voltage control loop can be omitted especially in GFMCs with fast dynamics, have not been discussed thoroughly. [START_REF] Wang | Stability analysis and controller synthesis for single-loop voltage-controlled vsis[END_REF] analyzes the stability requirements and gives design guidelines for single loop voltage control of VSCs under isolated operation. Yet, [START_REF] Fang | More-Electronics Power Systems: Power Quality and Stability[END_REF] reports that the LC-filtered isolated model has different characteristics from the grid-tied VSC model. [START_REF] Liao | Evaluation of voltage regulators for dual-loop control of voltage-controlled vscs[END_REF] analyzes the bandwidth of the grid-forming converter controlled by double loop proportional-resonance (PR) controllers with LC-filtered islanded model and proposed some methods of increasing the bandwidth. Nevertheless, it is hard to determine the tracking speed through the bandwidth of the model controlled by PR controllers.
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To further explore the tracking speed of the GFMC and better design its controller, this paper gives the requirements for stabilizing the converter and analyzes the small-signal model of the dual-loop voltage control for grid-forming converter in the synchronous dq frame. This paper also points out that when analyzing the tracking speed for GFMC with an LCL filter in the rotational frame, the coupling effect on the grid side impedance cannot be ignored. It is revealed that under traditional dual-loop proportional-integral (PI) control schemes, the bandwidth is hard to exceed 50 Hz. To increase the tracking speed of the voltage control, a novel control scheme is proposed in this paper.

The remaining of this paper is organized as follows. Section II presents the system model and derives basic stability requirements. Section III analyzes the influence of the coupling effect on the system dynamics. Section IV proposes an enhanced voltage control strategy which can improve the tracking speed. The simulation results are shown in Section V. Section VI concludes the paper.

II. SYSTEM MODEL

Fig. 1 shows the system schematic diagram, where a GFMC connects to the grid through an LCL filter composed of L gi , C gf and L gg , and the ideal voltage sources v ggabc emulate the grid. The grid side inductance L gg includes the filter inductance and the transmission line inductance. The symbols v gfabc denote the voltages over the capacitor C gf , i giabc and i ggabc denote the converter currents and the grid currents, respectively. The voltage and current controllers, i.e. G v (s) and G c (s), mainly regulates the capacitor voltage v gfabc and feedback the converter current i giabc to damp the LCL resonance [START_REF] Tang | Exploring inherent damping characteristic of lcl-filters for three-phase grid-connected voltage source inverters[END_REF]. The voltage and current controllers are implemented in the dq synchronous frame to better get the bandwidth of following a dc reference, where ω o t stands for the phase angle of the dq frame and the subscript dq means the values in the dq frame. The reference values for the voltage controllers, i.e. the phase angle ω o t and the voltage amplitude V gfref or v gfdref , result from the active and reactive power controllers, respectively. As the power controllers are out of the scope of this paper, they are not shown in the schematic diagram.

Fig. 2 illustrates the block diagram of the small-signal voltage control model in the synchronous dq frame. G v (s) and G i (s) represents the voltage and current controller, respectively, which employ the PI controllers and are expressed as

G v (s) = G vpi (s) = K vp + s/K vi , (1) 
G i (s) = K cp + s/K ci , (2) 
where K vp and K vi , as well as K cp and K ci are the proportional and integral gains for the voltage as well as current controllers, respectively. G d (s) denotes the computation and the pulse width modulation (PWM) delay function

G d (s) = e -1.5sTs , (3) 
where T s is the sampling and switching period. Previous research proves that under certain assumptions, the inverter controlled by PI controllers in the dq frame has almost equivalent dynamics with inverters controlled by PR controllers in stationary frames [START_REF] Zou | Stationary frame equivalent model of proportional-integral controller in dq synchronous frame[END_REF], i.e.

G v (s) = G vpr (s) = K vp + K r s/(s 2 + ω 1 2 ), (4) 
where K r = 2K vi is the resonance gain, ω 1 = 2πf n is the nominal angular frequency. The open-loop gain of the voltage control model in the stationary frame can be derived by ignoring the coupling terms in Fig. 2 and transforming the signals in the rotational frame into those in the stationary frame, i.e.

G ol v (s) = Gv(s)Gi(s)G d (s)sLgg s 3 LgiC gf Lgg+Gi(s)G d (s)LggC gf s 2 +(Lgi+Lgg)s+Gi(s)G d (s) = Gv(s)Gi(s)G d (s)sLgg LgiC gf Lggs(s 2 +2ςωrs+ωr 2 )+Gi(s)G d (s) , (5) 
where

ω r = L gi + L gg L gi C gf L gg , ς = G i (s)G d (s) 2L gi ω r , (6) 
whose bode diagram is shown in Fig. 3. Other system parameters and control parameters are shown in Table I and Table II, respectively. As observed in Fig. 3, the stability of this system is affected by the magnitude and the phase at the resonance peak. Here we only discuss one common situation, which requires

|G ol v (jω r )| = | jGv(jωr)ωrLgg -C gf Lggωr 2 +1 | = | -jG v (jω r )ω r L gi | < 1, (7) 
as there will be a -180°phase drop around the resonance frequency ω r . A controllable resonance peak requires that the damping coefficient in ( 6) is larger than 0, i.e. 
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V dc 200 V Re (G i (jω r ) G d (jω r )) > 0.
The requirement can be further translated into

Re(G i (jω r )G d (jω r )) = Re((K cp + K ci /jω r )(cos 1.5T s ω r + j sin 1.5T s ω r )) = K cp cos 1.5T s ω r + (K ci /ω r ) sin 1.5T s ω r = K cp 2 + (K ci /ω r ) 2 cos(1.5T s ω r -atan(K ci /ω r /K cp )) > 0 ⇒ 1.5T s ω r -atan(K ci /ω r /K cp ) < π/2 (8 
) which further yields a conservative requirement for the LCL filter parameter design as

f r < f s /6, (9) 
for all values of K cp and K ci , where f r = 2πω r , f s = 1/T s .

As there is little difference near the resonance frequency for PI and PR controller when K vi = K r [START_REF] Pan | Capacitor-currentfeedback active damping with reduced computation delay for improving robustness of lcl-type grid-connected inverter[END_REF], the requirement is also remains the same for the PI-controlled converter in the synchronous frame. However, the PR controller is only effective around the nominal frequency. Furthermore, when designing the controller parameters, the bandwidth, or in other words, the tracking speed for the ac reference is hard to achieve from the design process. As a result, to further understand and model them in the GFMC system, the model of voltage control is further built in the synchronous frame as shown in Fig. 2.

III. COUPLING EFFECT ANALYSIS

As seen in Fig. 2, due to the coupling terms, the transfer function of the system is hard to derive. In uninterrupted power supply (UPS) systems or grid-feeding converter systems, it is a common practice to ignore the coupling terms or add decoupling terms when designing the controllers in dq frame [START_REF] Blasko | A novel control to actively damp resonance in input lc filter of a three-phase voltage source converter[END_REF]. However, due to the coupling effect on the additional grid impedance, the coupling terms cannot be ignored anymore. As the transfer function and the open-loop gain of Fig. 2 are hard to derive, we build the state-space model for Fig. 2, whose expression is given in the appendix. The delay function is linearized by the Pade approximation, which yields

G d (s) = e -1.5sTs = (s -0.75T s )/ (s + 0.75T s ) . (10) 
The comparison between the open-loop gains with and without the coupling terms is shown in Fig. 4. As observed from Fig. 4, the bode diagrams with and without the coupling terms are different, especially in the low-frequency region. The PI controller is employed to achieve zero steady-state error. However, when ignoring the coupling terms, the open-loop gain model does not show infinite gain when the frequency converges towards 0. Furthermore, near the resonance frequency, the model without the coupling terms only has one resonance peak. In comparison, the model with the coupling terms has two similar peaks around f r ± 50 Hz and one valley around the resonance frequency f r . ( 7) gives an approximate design criterion for the voltage controller as

K cp = 0.1 K cp = 1 K cp = 10 K cp = 0.1 K cp = 1 K cp = 10 Magnitude
|G ol v (jω r )| = | -jG v (jω r )ω r L gi | = |(K vp + K vi /jω r )ω r L gi | = L gi (K vp ω r ) 2 + K vi 2 < 1 . ( 11 
)
Although the bandwidth or the tracking speed is highly related to K vp , [START_REF] Qi | Two-dimensional impedanceshaping control with enhanced harmonic power sharing for inverterbased microgrids[END_REF] tells that the stability of the system is much more sensitive to K vp than K vi . As a result, we set K vp as 0. Then [START_REF] Qi | Two-dimensional impedanceshaping control with enhanced harmonic power sharing for inverterbased microgrids[END_REF] will give an approximate requirement for stability as K vi < 1/L gi . Noticeably, there will be a slight amplitude sag around 50 Hz. By trials shown in Fig. 5, we found that the slight sag is highly related to the proportional gain K cp of the current controller G i (s). Also, the sag tries to prevent the bandwidth of the system from exceeding 50 Hz. With the amplitude sag, the maximum bandwidth can only reach around 30 Hz.

IV. ENHANCED VOLTAGE CONTROL

As revealed in Section III, 2 facts are preventing us from increasing the bandwidth of the voltage control. First, the resonance peak value is highly dependent on the voltage controller G v (s), so the gains of G v (s) are restricted. Second, the voltage amplitude sag around 50 Hz is holding back the bandwidth from exceeding 50 Hz. The two problems are addressed separately to improve the voltage control performance. In the first place, a band-stop filter, i.e.

G bs (s) = (s 2 + ω r 2 )/(s 2 + ω r /Q bs s + ω r 2 ), (12) 
is employed around the resonance frequency to damp the resonance peak, where Q bs is the quality factor chosen to be 0.4. Second, a bandpass filter, i.e.

G bp (s) = (s 2 + ω 1 /Q bp s + ω 1 2 )/(s 2 + ω 1 2 ), (13) 
is utilized to counteract the amplitude sag around 50 Hz, where Q bp is the quality factor selected to be 3. The expression of the designed voltage controller becomes

G v proposed = G bs (s) G bp (s) G v (s) . (14) 
Fig. 6 shows the bode diagram before and after applying the proposed voltage controller, where the integral gain K vi increases from 200 to 1800 to increase the bandwidth. As observed from Fig. 6, with the proposed controller, the resonance peak magnitude is well damped below 0 dB, and the magnitude sag around 50 Hz is well compensated. Compared to the system shown in Fig. 4, the bandwidth of the system shown in Fig. 6 is increased from 20 Hz to 200 Hz without causing instability. 

V. SIMULATION RESULTS

To verify the analysis and the proposed controller, simulation is conducted under the PLECS environment. Fig. 7 -9 illustrate the simulation results. Fig. 7 verifies the stability requirements deduced in [START_REF] Qi | Two-dimensional impedanceshaping control with enhanced harmonic power sharing for inverterbased microgrids[END_REF], i.e. f r < f s /6. The switching frequency is arranged at 10 kHz, which results in a critical resonance frequency of f s /6 = 1667 Hz. When C gf = 7 µF, the resonance frequency 1553 Hz is smaller than the critical frequency, which results in a stable system. When C gf changes from 7 µF to 6 µF, the resonance frequency becomes 1667 Hz > f s /6, which yields an unstable voltage waveform.

Fig. 8 and Fig. 9 compare the performance with the traditional dual-loop voltage controller and the proposed voltage controller. The parameters are the same as those used in Section V. When there is a step-up voltage reference change at 1s, the conventional dual-loop voltage controller takes more than one cycle to settle because the bandwidth is restricted within 50 Hz. On the contrary, with the proposed enhanced voltage controller, it only takes around 0.005 s to settle, and no stability problem is caused.

VI. CONCLUSIONS

This paper analyzed the stability of dual-loop-controlled grid-forming converters. First, the stability requirement for conventional dual-loop voltage controllers is pointed out, i.e. f r < f s /6. Second, it is revealed that in the synchronous dq frame, the control bandwidth is limited to be less than 50 Hz by the resonance frequency magnitude and a magnitude sag at 50 Hz caused by the coupling effect. Third, an enhanced controller is proposed, which addresses the bandwidth restriction and boosts system dynamics. The effectiveness of the proposed controller is verified in the simulation, showing a great improvement in the tracking speed.

APPENDIX

The state space model of the system block diagram shown in Fig. 2 can be expressed as

ẋ = Ax + Bu, (15) 
where x = [x vd x vq x id x iq v gid v giq i gid i giq v gfd v gfq i ggd i ggq ] T is the states and u = [v dref v qref v sd v sq ] T is the system inputs. The expression of A and B is shown in ( 16) and ( 17), respectively. 

A =                        0 0 0 0 0 0 0 0 -1 0 0 0 0 0 0 0 0 0 0 0 0 -1 0 0 K vi 0 0 0 0 0 -1 0 -K vp 0 0 0 0 K vi 0 0 0 0 0 -1 0 -K vp 0 0 8KcpKvi 3T d 0 8Kci 3T d 0 -4 3T d 0 - 8Kcp 3T d 0 - 8KcpKvp 3T d 0 0 0 0 8KcpKvi 3T d 0 8Kci 3T d 0 -4 3T d 0 - 8Kcp 3T d 0 -
1 Lgg -ω 1 0                        (16) 
B =                       1 0 0 0 0 1 0 0 K vp 0 0 0 0 K vp 0 0 8KcpKvp 3T d 0 0 0 0 8KcpKvp 3T d 0 0 - KcpKvp Lgi 0 0 0 0 - KcpKvp Lgi 0 0 0 0 0 0 0 0 0 0 0 0 -1 Lgg 0 0 0 0 -1 Lgg                       (17) 
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