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Supplementary Note
Supplementary Note 1: Influence of control parameter
The sole parameter in the FAPC is KIP. To examine its impact on KIP in PAPC, the KIP of CIG3 is changed in several simulations within Case 2. Its terminal frequency and power output are depicted in Supplementary Fig. 3. Increasing KIP results in a faster recovery time of terminal frequency and more pronounced frequency fluctuation. Moreover, higher KIP values shorten the time taken for the power output to reach its limit. Therefore, two guidelines for parameter setting can be inferred.
Guideline 1: For systems requiring a stricter frequency rate of change, it is recommended that each CIG has a lower KIP. Conversely, in systems where rapid frequency recovery is essential, higher KIP values should be chosen.
Guideline 2: CIGs with greater capability to maintain active power output above the upper standby level should have a relatively lower KIP. Conversely, CIGs with lesser capability should be assigned a relatively higher KIP.
Supplementary Note 2: Compatibility with existing power sources
In addition to exhibiting almost fixed frequency and superior stability in an all-CIG system, the CIGs equipped with the proposed control strategy are compatible with existing power sources, such as SGs and grid-following CIGs. This compatibility is crucial for gradual implementation within existing power systems.


[bookmark: MTBlankEqn]In the initial phase of system transition, when the proportion of CIGs using the proposed strategy is low, the total power reserve (the sum of reserves of the CIGs with the proposed control) often falls short of handling high disturbance power. Consequently, the system frequency characteristics are mainly influenced by the existing power resources and similar to current EPSs. The disturbed power is initially absorbed by SGs and our CIGs according to the synchronizing power coefficients. This results in changes in SG rotor speeds and the frequencies of the CIGs that go outside their FPZs due to insufficient reserve. Ultimately, all CIGs may operate outside their FPZs, causing a frequency deviation in the steady state. The CIGs mainly demonstrate the characteristics of active power-frequency droop control. Fig. 1 depicts the relationship between the frequency deviation  and the active power . The SGs also increase power generation through the primary frequency control. The disturbance power is allocated following the static power-frequency characteristic coefficients, such as KIP for CIGs and proportional coefficient of primary frequency control in SGs, similar to current EPS practice.




It should be noted that the active power of the CIG at steady state is > ( in the situation of load power increase), which is unsustainable long-term. However, secondary frequency control in the power system restores frequency to its rated value, returning CIG power to within its FPZ. Moreover, reducing  can alleviate short-term CIG overloads.
When a significant proportion of CIGs utilize the proposed strategy, they dominate the system, particularly when the total power reserve can handle most power disturbances. If the disturbance power is less then total power reserve, it is initially distributed among SGs and our CIGs according to the synchronizing power coefficients. This results in changes to the rotor speeds, angles, and output powers of SGs, as well as adjustments in the output powers of CIGs that exceed their FPZs, leading to subsequent power reallocation. Ultimately, all the disturbance power is accommodated by our CIGs and the output of the other power sources returns to their pre-disturbance level, and the system frequency returns to the rated value.
We have extended the IEEE 9-bus system to incorporate a SG, a grid-following CIG (CIG1), and a CIG adopting the proposed strategy (CIG2), as depicted in Supplementary Fig. 4. The simulation results are illustrated in Supplementary Fig. 5, which confirms the above analysis.
If the disturbance power is 10 MW, which is less than the total power reserve, the disturbance power is initially absorbed by SG and CIG2, which are closer to the disturbance point. During this time, the frequency of SG, and the frequency of GFL-CIG decreases. Since the GFL-CIG uses constant active power control, its output is maintained at the rated value of 73.2 MW. Subsequently, all the disturbance power is transferred to CIG2, lying in its FPZ throughout the process. The SG returns to its initial power output and does not contribute to frequency steady-state support. Eventually, the system frequency returns to its rated value.
When the disturbance power is 30 MW, surpassing the total power reserve, the process is analogous to the primary frequency control in traditional EPS. The CIG2 exits the FPZ, and the SG provides approximately 9 MW of steady-state frequency support, as depicted in Fig. S9C. Moreover, CIG2 continues to operate beyond its power limit of 98.36 MW without returning to it. Eventually, a steady-state frequency deviation of 0.026 Hz exists in the system.
It is important to highlight that this process duration is significantly longer than that in the all-CIG EPS, necessitating a higher capability to maintain output beyond the power limit. Therefore, a relatively high KIP is recommended to mitigate the requirement for this capability in the phase with a low percentage of CIGs using the proposed control strategy.
Supplementary Note 3: 2-SG system model 
The dynamic equation of the 2-SG system is as follows:

		



where definition of the variables and the values of parameters are shown in Methods.  and  are functions of , which can be derived from the power-flow equations. 
Designate SG1 as node 1, SG2 as node 2, and the ground node as node 0. By transforming the system from Y-connection to Δ-connection, the impedance between each node can be expressed as:

		
 The equivalent Δ-connection system becomes a 2-node system whose network admittance matrix can be described as:

		
And the active power output of SG1 and SG2 can be expressed by

[bookmark: ZEqnNum996124]		



where , , and  are conductance of the line between each node. The constants in Eq.  can be calculated by

		

		

		

The active power output of CIGs in the 2-CIG system are also functions of , and consistent with Eq. .

Supplementary Figures


[bookmark: _Hlk168673938]Supplementary Fig. 1: Modified IEEE 9-bus system. The parameters of the lines, transformers, and loads, as well as the initial power flow, conform to those specified in the western system coordinated council model.



Supplementary Fig. 2: Modified IEEE 39-bus system. The parameters of line, transformers, and loads are consistent with the 10-machine 39-bus New England test system.
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Supplementary Fig. 3: Responses with different parameters in Case 2. a A greater KIP results in a shorter time for the CIG to exceed the power limit. b With increasing KIP, the frequency recovery time of CIG3 is shorter, but its fluctuations are more dramatic.


[image: ]
Supplementary Fig. 4:  Modified IEEE 9-bus system including 1 SG and 2 CIGs. CIG1 operates as a grid-following device with constant active power and AC voltage control. CIG2 utilizes our proposed control strategy with a power reserve set to 15% of its rated power, i.e. 12.83 MW. The initial active power of SG, CIG1, and CIG2 are 73.20, 164.6, and 86.5 MW, respectively. 
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Supplementary Fig. 5: Responses when compatible with existing power sources. a If the disturbance power is 10 MW, it is first allocated to SG and CIG2, and ultimately borne entirely by CIG2. b After PAPC, there is no steady-state frequency deviation. c and d If the disturbance power is 30 MW, CIG2 exceeds the FPZ and does not return to its power limit. A steady-state frequency deviation of 0.026 Hz exists.




Supplementary Tables
	
	Initial Active Power(MW)
	Pmax(MW)
	Pmin(MW)
	KIP(pu)

	CIG1
	73.20
	82.10
	64.24
	5

	CIG2
	163.60
	196.32
	139.06
	5

	CIG3
	85.53
	98.36
	72.70
	5


Supplementary Table. 1: Parameters of CIGs in the modified IEEE 9-bus system.


	All-SG system
	Transitional system
	All-CIG system

	Eigenvalue
	Damping Ratio
	Eigenvalue
	Damping Ratio
	Eigenvalue
	Damping Ratio

	-0.1223
	1
	-3.3659
	1
	-10.3571
	1

	  -0.0557 + 2.9265i
	0.0190 
	  -1.7202 
	1
	-16.2999
	1

	  -0.0557 - 2.9265i
	0.0190 
	  -0.1023 + 1.4530i
	0.0703
	-45.4581
	1

	  -0.0601 + 1.3812i
	0.0435 
	  -0.1023 - 1.4530i
	0.0703
	-34.2112
	1

	  -0.0601 - 1.3812i
	0.0435 
	  -0.0829 + 2.5004i
	0.0331
	-35.347
	1

	  -0.0631 + 1.5280i
	0.0412 
	  -0.0829 - 2.5004i
	0.0331
	
	

	  -0.0631 - 1.5280i
	0.0412 
	  -0.2958 + 2.3598i
	0.1244
	
	

	  -0.0628 + 1.8642i
	0.0337 
	  -0.2958 - 2.3598i
	0.1244
	
	

	  -0.0628 - 1.8642i
	0.0337 
	  -0.0664 + 2.3073i
	0.0288
	
	

	  -0.0593 + 1.7573i
	0.0338 
	  -0.0664 - 2.3073i
	0.0288
	
	

	  -0.0593 - 1.7573i
	0.0338 
	
	
	
	

	  -0.0651 + 2.1950i
	0.0296 
	
	
	
	

	  -0.0651 - 2.1950i
	0.0296 
	
	
	
	

	  -0.0534 + 2.6330i
	0.0203 
	
	
	
	

	  -0.0534 - 2.6330i
	0.0203 
	
	
	
	

	  -0.0562 + 2.6202i
	0.0215 
	
	
	
	

	  -0.0562 - 2.6202i
	0.0215 
	
	
	
	

	  -0.0787 + 2.4417i
	0.0322 
	
	
	
	

	  -0.0787 - 2.4417i
	0.0322 
	
	
	
	


Supplementary Table. 2: Eigenvalues and damping ratio of the IEEE 39-bus system.
In the transition system, six SGs are replaced with CIGs, two of which operate at the power limits and four within their FPZs. In the all-CIG system, five operate at their power limits and the remaining CIGs are within their FPZs.


	
	Initial Active Power(MW)
	Pmax(MW)
	Pmin(MW)
	KIP(pu)

	CIG1
	560.9
	673.1
	448.7
	2.8045

	CIG2
	601.1
	661.2
	541
	3.0055

	CIG3
	699.5
	804.4
	594.6
	3.4975

	CIG4
	643.2
	739.7
	546.7
	3.216

	CIG5
	567.6
	624.4
	510.8
	2.838

	CIG6
	663.4
	729.7
	597.1
	3.317

	CIG7
	567.6
	652.7
	482.5
	2.838

	CIG8
	589.7
	707.6
	471.8
	2.9485

	CIG9
	844.4
	1013.3
	675.5
	4.222

	CIG10
	346.4
	346.4
	346.4
	1.732


[bookmark: _Hlk174649509]Supplementary Table. 3: Parameters of CIGs in the modified IEEE 39-bus system.
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