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(@) Governance structure (b) Intelligent regulation and control
of human society architecture of renewable energy systems
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Figure 1 (Color online) Analogy of bottom-up hierarchical regulation and control framework between human society (a) and renewable energy
systems (b).

Gl oup: Fast surpport 1 —>
rIndlvldual Stable grid ! Group-level information flow
| p connectlon —

refl

=L St

) — >
P optrefl

h 4

A B

\ 4

C(N)l'(lillati()lllS Coordination

Complex power grid

\ 4
‘Cnor(lilmtion

s |5 : 7 —=l— W
Vnodel § o o| Viodes ¢ o of Viodeh | Gr O“I)I |: 1 it
l L Mnodel & Wnode) & Wpodeh I J I J ] J : :
!
|
|
!
|
|

)

P o
Ul\ll'\:‘ h

Game -l

B2 (MR “[FD-hlE- o) = 208 G R 2R B IR

Figure 2 (Color online) Diagram of hierarchical intelligent regulation and control framework: synchronization, coordination, and game.
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Figure 3 (Color online) Schematic diagram of common synchronization stability analysis of renewable energy devices. (a) Energy function [28];
(b) equal-area method [29]; (c) phase diagram [33]; (d) time-domain analytical method [38].

FB R Rz, T RAT. R Bk AE BH
BN T BRI AP, (HZ TR DB X RS E
SR T, ToiF e BN A& I S, g AT
B R R BRI I PR AR s & T R
{10 = A R K, AT SRR A 2 5% i 2 ) A A A, 2 ) 2R 2R
SRR A REh A PL, WE3(d)FR, IRYE T
fige 2 A WAL SHHE 3 2 25 (R AU R U, AT ) 3 2 45 )
R HER Y BRI AR T AR R VR 4 )
LA, BRI EA BRI, A U R R E
P .

3.1.2 F&) XEFES

FESERR TREN IR, e 7 0T RIS 22 vl g A
SRILHK, HORD AR E 7 A K Sk B TR A R 5 PR
PRI R UR, oIk S i Fi 7 W 4 1) S R0 R
GilF A RaE R, B RGME- L E LA RS
A, LRI T AR E AR E T iR A
G, Pk, meii— B s i ER T T he
IR IR R B AT RED.

138

A TARET G 52 2% B W1 T g A s UB RE VR
ARG RE AT THDPI . I8 RI R 2% i
PR AT 2 - e R £ I R, 975 K 2 0 e P A 4
T CSRFREEOME . SR F DR E BRI AR ST 51T R
B, BEFRMILER. T IR RS
22, XIE RIS T N/ Gl TR TR 2,
W A)FTR. I LA RS, S5 SR R
2255 W28 AT Dy /7 Shil I e S8 BE IR AR 40 S A LR
R, AT RGN IR A AR E . BRI TR, M
2% W AT RN IR, T R AR 2 R
FAm N TCURIEREE, 59 a3 780 it ooy TR IR A
RS TR AN P Z AN L BB AT 73 TEURE, AT SEEL R
giRcikm R AR, BRI, T o e UE
$R T BN HIARE P A A, 38 F A T e e 5
AT JI VG R AR, AT PR IE A IR R G
sl B AR, LSRR TR E R AU T A7
£, AEEE AT UM REIR HLER A TG oL L R G,
HREIAE, RGP AR LRIE, T
NV Bl TG R PR 5 R 2 R E 23 B 5 925t o X B



P EBE: AR 2026 4 56 % 1

ul P u fi=fo w) |

y=h(x u) g

Input differential passivity

P

)

B4 (W REER)EREIRRE & R E R L () F TN s IR SR F R e 4 (b) B4R

R s

Figure 4 (Color online) Schematic diagram of generalized synchronization stability analysis of renewable energy devices. (a) Augmented
synchronization stability analysis based on input/output differential passivity [40]; (b) complex frequency synchronization stability analysis [43].
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Table 1 Synchronization stabilized control of renewable energy devices

Method category

Specific scheme

Advantages/
Disadvantages

Reducing active current/power

command

Optimizing control
parameters/commands

Increasing equivalent damping

coefficient

Increasing PLL proportional gain

Reduces overcurrent risk and increases reactive power support/
. . [48,49
Exacerbates active power deficit***

Improves response speed and operates simply/
Excessive gain may cause oscillations™!

Suppresses power oscillations/

Reduces dynamic response speed[w]

Freezing PLL or its integrator

Common
synchronization

stability control Changing control

structure

Hybrid synchronization control

Power loop feedback

Voltage normalization

Reduces phase error/
Unable to handle grid phase jumps

[3435]
Avoids abnormal current commands due to voltage fluctuations/
Relies on accurate voltage measurement”

Avoids synchronization instability during fault switching/
Parameter design is difficult and may cause oscillations””

Autonomously balances supply and demand power /
Requires high precision in feedback loop parameter design[49

Adaptive current injection

Adjusting injected
current

Dynamic current limiting

Actively compensates for synchronization deviation/
Requires high modeling accuracy[w

Directly avoids overcurrent risk/
g [55-57]
Introduces control switching issues

Changing control

Generalized structure differential passivity control
synchronization
control Adjust power Dynamic complex droop
distribution control

1/O transformation-based

Enables strong synchronization in the distributed autonomous
operation status/

Requires high input-output accuracy[40]

Achieves unified frequency-voltage regulation/
Difficult to use with traditional grid-following controls
(phase-locked loop, virtual synchronous generator control, etc.)™
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Table 2 Comparison between common synchronization control and generalized synchronization control

Generalized synchronization control

Comparison

. . Common synchronization control
dimension

Input-output differential

passivity-based control

Dynamic complex droop control

Control type Single-variable control

Virtual power angle

Control variables
d = bOysc — b,

Grid-following control: synchronizing
with grid based on voltage orientation.
Grid-forming control: actively construct-
ing voltage magnitude and phase based on
power control

Control method

Coordinate system Synchronous rotating coordinate system

Synchronization stability under
frequency-voltage decoupling; unable to
address synchronization stability under

frequency-voltage coupling

Solved problems

Advantages Easy to implement

Traditional power systems or systems

where renewable energy is centrally
integrated into the traditional grid

Applicable

scenarios

Multi-variable control

Node voltage u;
Phase angle 6,

Satisfying the input-output differential
passivity conditions by adding input
feedback and output feedback to the

original synchronization control

Polar coordinate system
Able to address strong synchronization
stability problems under frequency-

voltage coupling

Easy to implement and able to achieve
global stability

Renewable energy systems
interconnected through complex grids

Multi-variable control

Complex phase angle
= e+ jO;

Achieving unified regulation of fre-
quency-voltage dynamics by dynami-
cally adjusting the complex frequency

droop control gain matrix

Complex frequency coordinate system
Able to address complex frequency
synchronization stability problems

under frequency-voltage coupling

Able to realize the unified dynamic
regulation of frequency and voltage

Renewable energy systems intercon-
nected through complex grids
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Figure 5 (Color online) Diagram of frequency/voltage distributed modeling and analysis of renewable energy generation groups.
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Table 3 Game-based optimization methods for renewable energy groups

Research question Decision target Type of game Reference
Static cooperative game [97-99]
Power system planning Capacity
Static non-cooperative game [107]
Static cooperative game [100-103]
Power system dispatch . .
optimization Output Static non-cooperative game [110-112]
Dynamic game [115,116]
Static cooperative game [104-106]
Trading strategy under the Bidding strate Static non-cooperative game [108,109,113]
market mechanism g gy P vee U
Dynamic game [117-120]
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Theories and methods of intelligent regulation and control in
renewable energy systems
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With the rapid expansion of renewable energy integration, the operational security pressure on power systems has significantly
increased. In the construction of modern power systems, the traditional top-down control architecture is difficult to ensure the stability
of renewable energy systems. Consequently, developing bottom-up intelligent control architectures for renewable energy systems is
crucial to grid security. Analogous to human civilization evolution, intelligent regulation and control of renewable energy systems
need to address “synchronization-coordination-game” challenges from three levels: “individuals, groups, and multi-groups”. This
paper systematically reviews present theoretical research and control technologies in three key aspects: synchronization theory and
stability control for renewable energy equipment; coordinated theory and frequency/voltage support for renewable energy groups;
game optimization theory and operation optimization for renewable energy multi-groups. The limitations of existing approaches are
critically analyzed. Finally, potential future research directions are proposed to address current theoretical and technical gaps, offering
innovative solutions and technical guidance for ensuring secure, stable, and efficient operation of future power systems with high
renewable energy penetration.

renewable energy systems, intelligent regulation and control, synchronization, coordination, game theory

doi: 10.1360/SST-2025-0132

156


https://doi.org/10.1360/SST-2025-0132

	新能源系统智能调控理论与方法
	1�� 引言
	2�� 自下而上分层式智能调控架构
	3�� 新能源装备同步理论与稳定控制
	3.1�� 装备同步理论
	3.1.1�� 装备常规同步理论
	3.1.2�� 装备广义同步理论

	3.2�� 装备同步稳定控制
	3.2.1�� 装备常规同步稳定控制策略
	3.2.2�� 装备广义同步稳定控制策略

	3.3�� 现状总结及问题

	4�� 新能源群体协同理论与频率/电压支撑
	4.1�� 群体协同理论
	4.1.1�� 新能源群体网络化系统建模
	4.1.2�� 新能源群体频率电压支撑指标
	4.1.3�� 新能源群体频率电压支撑导则规范

	4.2�� 群体频率/电压支撑控制
	4.2.1�� 新能源群体一次频率电压控制
	4.2.2�� 新能源群体二次频率电压控制

	4.3�� 现状总结及问题

	5�� 新能源多群体博弈理论与运行优化
	5.1�� 多群体博弈优化理论
	5.1.1�� 博弈论基本概念
	5.1.2�� 静态博弈理论
	5.1.3�� 动态博弈理论

	5.2�� 多群体运行优化方法
	5.2.1�� 基于静态博弈理论的新能源多群体运行优化
	5.2.2�� 基于动态博弈理论的新能源多群体运行优化
	5.2.3�� 基于博弈理论的新能源多群体优化实例

	5.3�� 现状总结及问题

	6�� 新能源系统智能调控架构展望与讨论
	6.1�� 装备同步理论与稳定控制展望
	6.2�� 群体协同理论与频率/电压支撑展望
	6.3�� 多群体博弈理论与运行优化展望
	6.4�� 新能源系统人工智能与动态感知展望
	6.5�� 新能源系统智能调控架构的应用讨论

	7�� 总结


