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Fig.1 Hybird energy storage system topology
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Tab.1 Basic parameters of converter

HAMIEE V,/V 300~ 600
AR vV, /V 600
WENR P, /KW 30
LKL TR B0 y (%) 40
HLA RSO o(%) 1

K2 HBHMASH

Tab.2 Parameters of battery cell and battery

28 HufH M HE

FRHE/V 3.2 PiRRA kv 1
HRRRE/(Ah) 60 SRR EN N VA Y 601.6
AR kg 2 ||Hb4AER/ (KW-h)  36.1
RIS B A 188
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Tab.3 Parameters of SC unit and SC module
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Tab.4 Basic parameters of vehicle

E 2 B
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Fig.4 Energy management strategy based on LPF
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Fig.6  Energy distribution based on LPF
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Tab.5 Parameter estimation of GMM
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Fig.8 Fitting surface of GMM
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Tab.7 Comparison results of methods
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Optimization of the DC-DC converter for hybird energy storage electric
vehicle base on gaussian mixture distribution

LI Hao-ting, WANG Xue-mei
(School of Electric Power, South China University of Technology, Guangzhou 510640, China)

Abstract; Combining the advantages of supercapacitors and batteries, hybrid energy storage system ( HESS) can
greatly improve the performance of the enery storage system. DC-DC converter in semi-active HESS needs to work in
the situation where the load power and input voltage changes dramatically. Therefore, it is hard to find the optimal
solution under the actual load condition based on performance evaluation under a single working condition. Consid-
ering the reasons above, this paper proposes a multi-objective optimization method of converter parameters based on
performance evaluation under actual load distribution. Firstly, the load probability distribution of the converter in
the hybrid energy storage system is fitted with the two-dimensional mixed Gaussian distribution model (2D-GMM ).
Then, the objective functions including average loss and cost are established based on the load probability distribu-
tion and loss model of the converter. Finally, NSGA-II algorithm is used to search the Pareto solution set and the
reasons for the optimal solution set are analyzed. The optimal converter design based on average loss and cost is giv-
en.

Key words: bidirectional DC-DC converter; hybird energy storage system; Gaussian mixture distribution; multi-

objective optimization
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Fig.1 System topology and control structure

F T FL PR A e Y 4R A R R 4 P R T 1
KK 4E VSG 5 il v i JE ) T S s hilAE Bl ol
FEMRESE R, BARE VSG F e anpd 2 s,
2 B NI R IR E S5, M, i, 8 VSG [k
ik, P, N VSG BIPLB I RG> 1, A L = A HL
i, ey, H VSG FE AR LAY = AH H I L R4

E*wg M. i sin 6
sin(6-2n/3)
sin(6+2n/3)

B2 VSG = HIHE]
Fig.2 VSG control block diagram
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Fig.4 Charging current and voltage in CC/CV charging mode
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Tab.1 Main parameters of system
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Tab.2 Battery parameters
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Charge and discharge strategy based on load-side virtual
synchronous machine for electric vehicles participating
in grid frequency regulation and its realization

LI Bing-yu', DU Xu-hao', ZENG Si-ming', YIN Li-ke’, RUI Yue-chen’, XIAO Guo-chun’
(1.State Grid Hebei Electric Power Research Institute, Shijiazhuang 050021, China;2.Hebei
Top Architectural Design Co., Ltd, Shijiazhuang 050000, China;3.School of Electrical Engineering,
Xi’ an Jiaotong University, Xi’an 710048, China)

Abstract: With a large number of electric vehicle (EV) charging interfaces connected to the grid, the stable oper-
ation of the power system is challenged. Load-side virtual synchronous machine (LVSM) technology emerged at the
historic moment, which can provide inertia and damping support for the power system and help to improve the sta-
bility of the power grid. In the interconnection system of the power grid simulated by the virtual synchronous genera-
tor (VSG), the front-stage LVSM and the rear-stage EV battery charging converter, a charging and discharging
strategy and implementation method for EV batteries that adapts to changes in grid frequency under three modes of
constant current charging, constant voltage charging and constant current discharge are proposed in this paper. The
grid frequency stability is improved through grid-load interaction. The effectiveness and correctness of the proposed
control strategy and implementation method are verified by the simulation results.

Key words: electric vehicle charging; load-side virtual synchronous machine; grid-load interaction; grid frequency

stability
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MMC-MTDC improved droop flat control strategy considering power margin

SONG Ping-gang, YANG Chang-lan, LONG Ri-qi, LEI Wen-qi, ZHENG Ya-zhi
(School of Electrical and Automation Engineering, East China Jiaotong University, Nanchang 330013, China)

Abstract; Aiming at the power coordinated control and DC voliage stability of the multi-terminal direct current

transmission system ( MMC-MTDC) based on modular multilevel converters, the differential flat control (FBC) the-

ory is introduced on the basis of improved droop control, and an improved droop flatness control strategy is proposed

with consideration of power margin. The strategy considers the real-time power margin of the droop control station
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under different operating conditions, and reasonably shares the unbalanced power in the system according to the
margin of each converter station to avoid the converter station being fully loaded. At the same time, the differential
flat control theory is introduced to design the current inner loop controller to replace the direct current control of the
traditional current inner loop. The controller consists of two parts; expected feedforward control and error feedback
compensation. Feedforward control produces the dominant control quantity, and error feedback compensation elimi-
nates the influence of system model uncertainty and internal and external disturbances, and corrects the control
quantity to accurately track the expected value effectively, that improves the system response speed. Taking a paral-
lel four-terminal MMC-MTDC system as an example, the simulation results show the effectiveness of the proposed
control strategy.

Key words: modular multilevel converter; multi-terminal DC transmission; improved droop; differential flatness

control theory; power margin
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Sensitivity matrix of whole system (from node 1 to 18)

Appl.Tab.1

T

1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18

O 0 N A R W N =

0.017 8 0.006 2 0.004 3 0.002 4 0.001 5 0.001 4 0.001 4 0.001 4 0.00050.001 30.001 30.00150.00150.00200.00240.00250.00350.003 8
0.00600.01570.011 00.006 10.003 80.00350.00350.00340.00130.00320.00330.00370.00380.00500.00600.006 2 0.008 80.009 7
0.004 10.01080.016 80.009 0 0.005 6 0.005 1 0.005 1 0.005 0 0.002 0 0.004 7 0.004 8 0.005 3 0.005 4 0.00720.008 1 0.008 10.011 30.013 5
0.002 30.005 9 0.008 90.014 7 0.008 9 0.008 0 0.008 00.007 90.003 10.0069 0.007 30.007 9 0.007 9 0.010 2 0.007 7 0.006 2 0.007 3 0.008 O
0.001 40.00370.00560.00900.012 10.010 50.010 6 0.010 6 0.004 1 0.007 0 0.008 2 0.008 0 0.007 2 0.007 5 0.005 4 0.004 2 0.004 8 0.005 2
0.001 30.00340.00510.008 10.01050.011 10.0104 0.010 00.003 90.007 1 0.008 4 0.008 10.007 10.007 00.00500.0039 0.004 4 0.004 7
0.001 30.003 4 0.005 00.008 00.010 60.0104 0.015 7 0.013 6 0.005 3 0.006 7 0.008 0 0.007 7 0.006 8 0.006 9 0.004 9 0.003 9 0.004 4 0.004 7
0.001 30.003 30.00500.00800.01060.01000.013 6 0.015 4 0.006 0 0.006 5 0.007 7 0.007 5 0.006 6 0.006 7 0.004 8 0.003 8 0.004 3 0.004 6
0.000 5 0.001 4 0.002 00.003 30.00430.004 10.00560.00630.016 80.00270.003 10.003 00.00270.002 8 0.00200.001 60.001 80.0019
0.001 20.00320.004 70.007 10.007 00.007 10.00680.00660.00260.01100.009 70.010 4 0.010 2 0.008 2 0.005 5 0.004 1 0.004 4 0.004 6
0.001 30.003 30.004 90.00750.008 20.008 50.008 00.00770.00300.00970.01200.011 1 0.009 30.007 90.005 4 0.004 10.004 50.004 6
0.001 4 0.003 6 0.005 3 0.007 9 0.007 9 0.008 0 0.007 7 0.007 4 0.002 9 0.01020.010 9 0.034 4 0.011 4 0.009 2 0.006 2 0.004 6 0.005 00.005 1
0.001 4 0.003 7 0.005 4 0.008 00.007 2 0.007 20.00690.00670.002 60.010 10.009 30.011 60.01300.010 00.006 6 0.004 9 0.005 2 0.005 3
0.001 9 0.004 9 0.007 2 0.010 3 0.007 4 0.007 0 0.006 8 0.006 7 0.002 6 0.008 0 0.007 8 0.009 2 0.009 9 0.014 5 0.009 5 0. 006 9 0.007 2 0.007 2
0.002 2 0.005 7 0.007 8 0.007 5 0.005 2 0.004 90.004 8 0.004 70.001 8 0.00530.00520.006 10.0064 0.00930.01840.01220.011 00.009 8
0.002 30.00590.007 90.006 10.004 10.003 80.00380.00370.00150.00400.00400.00460.004 80.00680.01220.014 10.01240.010 7
0.00320.008 4 0.011 00.007 20.004 7 0.004 30.004 30.00420.00170.00430.00440.00490.00510.007 10.011 10.01240.018 50.015 7
0.003 60.00940.01330.00800.00510.00460.004 60.00450.001 80.00450.004 60.005 10.005 3 0.007 20.010 00.010 8 0.015 8 0.020 0
0.000 8 0.002 2 0.002 9 0.002 3 0.001 50.001 40.001 40.00140.00050.00150.00150.00170.001 80.00250.00450.00520.004 60.003 9
0.000 5 0.001 2 0.001 6 0.001 2 0.000 8 0.000 8 0.000 8 0.000 7 0.000 3 0.000 8 0.000 80.0009 0.001 00.001 40.002 4 0.00280.00250.002 1
0.002 10.00550.007 30.00570.00380.00350.00350.00340.00130.00370.00370.00420.00440.00630.01120.01300.011 40.009 9
0.001 8 0.004 7 0.006 30.00490.00330.00300.00300.00290.00120.00320.00320.00360.003 80.00540.00970.011 20.009 80.008 5
0.001 50.00390.00520.00410.00270.00250.00250.00250.001 00.00260.002 60.00300.00320.00450.008 10.00930.00820.007 1
0.00220.00560.007 50.00590.00390.003 60.00360.00350.00140.00380.003 80.00440.00460.00650.011 60.01350.011 80.010 2
0.004 50.01170.008 9 0.00500.00320.00290.00290.002 80.001 10.00270.00280.003 10.00320.004 3 0.00550.005 80.008 30.008 6
0.005 10.01340.013 30.008 2 0.005 3 0.004 8 0.004 8 0.004 70.001 80.00470.004 80.00540.00550.00760.011 10.01220.017 90.016 2
0.00430.01120.01240.007 80.005 1 0.004 6 0.004 6 0.004 5 0.001 80.004 6 0.004 6 0.005 2 0.0054 0.007 40.01120.012 4 0.018 4 0.016 1
0.00660.01720.017 1 0.010 5 0.006 8 0.006 2 0.006 2 0.006 1 0.002 4 0.006 0 0.006 1 0.006 9 0.007 1 0.009 8 0.014 3 0.0157 0.023 00.020 8
0.00690.018 00.017 8 0.011 0 0.007 1 0.006 5 0.006 4 0.006 3 0.002 5 0.006 3 0.006 4 0.007 2 0.007 4 0.010 2 0.014 9 0.016 4 0.024 0 0. 021 7
0.00570.01500.01050.00580.00360.00330.00330.00320.00130.00310.00320.00350.00360.00480.005 8 0.00590.008 40.009 2
0.001 10.00270.00590.01120.01510.016 10.015 1 0.014 50.005 6 0.010 1 0.012 1 0.011 6 0.010 1 0.009 8 0.006 5 0.004 9 0.005 2 0.005 5
0.000 9 0.002 4 0.004 6 0.003 90.002 7 0.002 50.002 4 0.002 4 0.00090.002 6 0.002 6 0.003 00.00320.004 50.008 60.010 00.008 30.0069
0.000 6 0.001 4 0.002 7 0.002 3 0.001 6 0.001 50.001 4 0.001 4 0.000 6 0.001 60.00150.001 80.00190.00270.005 10.00590.004 90.004 1
0.001 8 0.004 7 0.006 30.00490.00330.00310.00300.00300.00120.00320.00320.00360.00380.00540.00970.011 30.009 90.008 6
0.00730.01900.03430.028 50.01920.017 80.017 6 0.017 3 0.006 7 0.018 9 0.018 7 0.021 7 0.022 9 0.032 8 0.062 9 0.073 9 0.063 0 0.052 0
0.001 6 0.004 2 0.006 1 0.004 80.003 30.00300.00300.00290.00110.0032 0.0031 0.003 60.003 80.0054 0.009 80.01140.010 00.008 6
0.00690.018 1 0.017 90.011 0 0.007 1 0.006 5 0.006 4 0.006 4 0.002 5 0.006 3 0.0064 0.007 2 0.007 50.01020.014 9 0.016 4 0.024 1 0.021 8
0.003 60.003 10.005 3 0.00470.00350.00330.00350.00350.00360.0032 0.0033 0.003 70.00380.00520.00930.01070.009 10.007 7
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MiR2 SRERYEERE (TR 19~31,33~39)
Appl.Tab.2  Sensitivity matrix of whole system (from node 19 to 31 and 33 to 39)

19 20 21 2 23 24 25 26 27 2 29 30 31 33 34 35 36 37 38 39

1 0.00090.0005 0.0023 0.0020 0.001 6 0.0023 0.0047 0.0055 0.0047 0.0074 0.0079 0.0058 0.0012 0.0011 0.0006 0.0021 0.0096 0.0018 0.0082 0.004 1
2 0.00220.0013 0.0059 0.0051 0.0042 0.0059 0.0120 0.0142 0.0119 0.0190 0.020 1 0.0149 0.0029 0.0027 0.001 6 0.0053 0.0246 0.004 7 0.021 1 0.003 5
3 0.00290.0017 0.0077 0.0067 0.0055 0.0077 0.0089 0.0137 0.0128 0.0184 0.0195 0.0103 0.0061 0.0049 0.0028 0.0069 0.0426 0.0067 0.0204 0.005 8
4 0.00220.0013 0.0059 0.0051 0.0042 0.0060 0.0050 0.0084 0.0080 0.0112 0.0119 0.0056 0.0114 0.0042 0.0024 0.0053 0.0350 0.0052 0.0124 0.005 1
5 0.00150.0009 0.0040 0.0035 0.0029 0.0040 0.0032 0.0054 0.0052 0.0073 0.0077 0.0036 0.0155 0.0029 0.001 6 0.0036 0.0240 0.0036 0.008 1 0.003 8
6 0.00140.0008 0.0037 0.0032 0.0026 0.0037 0.0029 0.0050 0.0048 0.0067 0.007 1 0.0032 0.0165 0.0027 0.0015 0.0033 0.0223 0.0033 0.007 4 0.003 6
7 0.00140.0008 0.0037 0.0032 0.0026 0.0037 0.0029 0.0049 0.0047 0.0066 0.0070 0.0032 0.0154 0.0026 0.0015 0.0033 0.0220 0.0032 0.007 3 0.003 8
8 0.00140.0008 0.0036 0.0031 0.0026 0.0036 0.0029 0.0049 0.0047 0.0065 0.0069 0.0032 0.0148 0.0026 0.0015 0.0032 0.021 6 0.0032 0.0072 0.003 8
9 0.00060.0003 0.0015 0.0013 0.0010 0.0015 0.0012 0.0020 0.0019 0.0027 0.0028 0.0013 0.0060 0.0010 0.0006 0.0013 0.0088 0.0013 0.0030 0.004 1
10 0.001 5 0.0008 0.0039 0.0034 0.0028 0.0039 0.0028 0.0049 0.0047 0.0065 0.0069 0.0030 0.0105 0.0028 0.001 6 0.0035 0.0237 0.0035 0.0072 0.003 5
11 0.00150.0008 0.0039 0.0034 0.0028 0.0039 0.0028 0.0049 0.0048 0.0066 0.0070 0.0031 0.0125 0.0028 0.001 6 0.0035 0.0235 0.0034 0.007 3 0.003 6
12 0.0017 0.0009 0.0044 0.0038 0.0031 0.0044 0.0031 0.0055 0.0053 0.0073 0.007 8 0.0034 0.0118 0.0032 0.001 8 0.0039 0.0267 0.0039 0.008 1 0.004 0
13 0.001 8 0.001 0 0.0047 0.0040 0.0033 0.0047 0.0032 0.0057 0.0056 0.0077 0.0081 0.0035 0.0104 0.0034 0.0020 0.0042 0.0285 0.0042 0.008 5 0.004 2
14 0.0025 0.0014 0.0065 0.0057 0.0047 0.0066 0.0043 0.0078 0.0076 0.0104 0.0110 0.004 6 0.0100 0.004 8 0.0028 0.0059 0.0402 0.0058 0.011 6 0.005 7
15 0.0043 0.0025 0.0115 0.0100 0.0082 0.0116 0.0054 0.011 1 0.0112 0.0149 0.0157 0.0054 0.0065 0.0089 0.0051 0.0104 0.0733 0.0104 0.016 5 0.009 9
16 0.0050 0.0029 0.0134 0.011 6 0.0095 0.0134 0.0057 0.0122 0.0125 0.0164 0.0174 0.0056 0.0049 0.0105 0.0060 0.0120 0.0856 0.0121 0.018 2 0.011 4
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Segmentation method of a multi-infeed LCC system
based on local fitness measure

CAO Xin', HAN Min-xiao', MA Li-min', GUO Zhi-fei’, CAI Wan-tong®, ZHANG Xia-hui', WEN Jun'
(1.School of Electrical and Electronic Engineering, North China Electric Power University, Beijing
102206, China;2.Electric Power Research Institute of CSG, Guangzhou 510663, China)

Abstract: There is a great possibility of simultaneous commutation failure for LCC-HVDC when there exists multi-
infeed into one AC system. To tackle this issue, one segmentation approach to the AC system is proposed in this pa-
per. By dividing the multi-infeed AC system into several parts, the coupling between the LCC-HVDCs will be elimi-
nated, thereby reduce the probability of simultaneous commutation failure of LCCs. Firstly, lines whose three-phase
permanent fault will cause simultaneous commutation failure are selected by N-1 fault scanning on the multi-infeed
system, among which lines with high load rate are removed. After that, based on the local fitness measure theory,
nodes in the system are aggregated from bottom to top to form the initial partition. In this process, the calculation
method of voltage/reactive power sensitivity matrix considering PV node and LCC-HVDC is firstly presented. Then
the node aggregation function and partition fitness function are applied to calculate the node aggregation and parti-
tion fitness, respectively. Finally, considering the line collection and short-circuit ratio, the partition result is modi-
fied, and establishes the segmentation process. The effectiveness of the whole segmentation process is verified on
IEEE 39 nodes system, and a segmentation scheme is proposed on an actual power grid.

Key words: multi-infeed system; LCC-HVDC; power grid segmentation; N-1 contingency; local fitness measure



%40 % 2 6 1 BT OHL BB BT B AR Vol.40, No.6
2021 4 6 H Advanced Technology of Electrical Engineering and Energy Jun. 2021
FE jth i BE 2 55 B I — )R 8 331 Y L 4K 45 & 4 ol SR g

=EE, K OE, R

22,3

;j:‘

=

2.3 Sg — 2.3
, = W, ZAgn>

(1. FTRFE,TH &% 210000;
2. Wi B KFAREA N BT AR R E A E B E Wi A 311121,
3. WD AT AR AR AT R A TR G W Au i 311121)

HE ., AHR &g bk & % (Battery Energy Storage System , BESS) A5 @, W — R 97 64 3 2otk 4% 6]
Rwg, R E ) 2 AEME REATHH 5 455 & 2T IR & (State Of Charge,SOC) % /& 69 &
b R — AR AR E K S kAL i SOC Kk A6 — R E A1 Rk A B RR AT
KRETHEF IR TERAMKAESRAE A AT IR T %, FAT R AL —RBRY A

& A SRS SRR T Ak A

Aoy KR8 AR AR 5 A AR 5 £ ks T

SPTRIEH T R BATH oA, SRR, AT IR H R /1 AR FIAT 5 ik SOC 4R+

7 ) B B e R

REEW: At R, — R ARRE; TEER,; RS

DOI: 10. 12067/ATEEE2008037

1 5|5

WEHE A A RE 5 1) Al iy 10 BRI 175 e [t H 2™
B, KA A A FHXURE K BH RE A5 T 2R RE TR 5K
BLRER AT Hr 2k A i Wi A2 BETRTH 2w oK a5 P8
HIARGER .

SRHTREDR A i i g BAT BEAILYE A 3 1, 24
AN B PR, 2377 A DR s S5 (R, 7
TR G U 5 s Z 6 S A, SRS
WAl 22 , %oF L T 2R 8 B A R E A Ok ™ IR Y Bk
R

AEFFH ) RGICRTEE JE B T R GEIs T Y HEA
EOR, BT HTREIRHLAL A B AN B R aE 71 , R e
T A SR £ T A i A BEA TR RE IO 9 5%
PR BB EE 55 . 1558 KR IRATILZE 2 ML
PRSI, 0 7 E A8 | HL A2 78 PR 2 3k LA 2
— ISR . AR (R AL A AR R ) B
TR JEE PR, i T SR A 1 D — T B R T
Berh g RS2 5G T , i 4 o] fik 45 L Y 8 FE 2R G2 0
o A5 5 A2 FEL O — R RIS U B 2 TS Y

Wi EHE: 2020-08-17
E4WAH.
EER= .

S

XEHS: 1003-3076(2021)06-0043-07

HESES: TM732

P a7

SCHRL8 B X g RE f th 2 5 Ha IRB R T —
T g o) SR e 42 T 17 3 2R B0 1 i
7, v LSRR A P R ELAT B ) R A
RO SCHRL 9 T — 203t T —Fh 3 T B 0L T 4%
Tl %) it B L b A e R DR R R IRIE TR
T A s P A AR 5 (L T i s o) 56 g 359 A 2 X R
GO FEE VAT SR KA RE HL Yt SOC 1) AR b 5 FR
il SCHER[10] 2% T HERE L ML) SOC, (EATS R
T DAL RS 5 e R R e T
%8 SOC HYRMEHEGE T, SCERL 11 141 T —Fhfiti e
F 35 1 4 1 SRS, FE FL SR R 0T I TS FL R T 2
PR RAETEE T, AR D R B AT SOC R Z
Sy L SR B AAEART R MR 45, H R 5E R B
XoF FL B PRAE 7 L SR 1) 43 1 A e rEL L T e AR
Pt i U RE L SOC 4 45 7843 & 4% L4 Bl v 0
PR A T BN E X,

25 b AR SCHE S R S PR yR A R B BER L
P T — Rl K AERE M SOC BRI S S HL N —
YR SR . B8, A ST T BESS 5 —

E K ARBAIEL AT H (51777197) | 11548 = 552448 A SRBL2A AR 52 10 B (20KJB480006)
Fr T (1987-) , B, VLHEE, EIER, A S0, o, BESTY A T RE IR SABRERI AR
WE(1995-) , 55, VIEE, WHAFgE A, WSS nl A Al REB AR B v A



44 T BB B B R

540 £ 56 6 1

YRR T 4 1) A ; B S 76 25 SR L b ) SOC 3k
Bli L 205 TR TR) g FEOBR A T B4 9 o SR T 2R R4
38 A A A I T s O vk B S 25 A TR
REHE SOC R 18 4/ 11 T —Fh e BUE 45 75 oK
F1 SOC 1y BESS £ G ¥l 5kmE . /55T MATLAB
T, D5 BLIE T TR LR A s SR A S

2 BESS #=H| &1 5B MiEMmE K5

ML RGP TR K AR AR, 2 R EUR
GRS, 51 R RGEMAELE, 4
BESS 25 — WA , L2y o ) RGEHRHE D AR 3
£, NI 3 R A MR AR i LUK 2]
RGO R 2228 AL, S N R GRS E 1B 1T B
i

T, fHRES 5 W) R G — R 7 2 F2
JEASAUL ] 20 S ML ZH T e 42 ) 5 16 A o 7 R A A5
AR 22 , 18 3 U T R R AR E R GUIR

PRIt B Jig DU 1 4 o R T TR 45 ) BESS )%
e Ji; 22 ik 2 AN (1) PRt

AP pess = Kppss Af + K, ddAtf (1)
T, Ky AT HEAE ) AL, Ky <05 AF 7 L IR
T2 5 K, N MEADMBLE R AL, K, <0 dAf/de SR AiH8 A%
%,

B R GRS BLE A, 0 T BESS Y14
R AT G AN 6] 1 5 oK, PR IR S R 8 4356 i 22
A RERR T SR BEAT DX 7, B AN T] A DX s R
AN]R8 T AT IR LA 2 L XA R oK, X
TAEGE K HLZH A, 3 B ML % 3 £2 v/min
H—UIAFRAE X ARG 2 (2) W] 45— YR I B B 931 R
FEIX A 0. 033 Hz,

_m
f=e (2)

Ko n WFEH ; p N 2 FALEE ML B, 78 H 3 i
RS 5 — IR R | Syl o L T B RO | A
GE AL, PR AR SOt i i H Tt 19— YR R A
FEIX % B A 0. 033 Hz,

[Fi] A 0 6 P, T 2R 49 JR A X 1 236l 2 1Y)
FOR AR SCE AR A 22 78 0. 033 ~0. 2 Hz 5 Bl i
SIEE P T X SRR R 22 KT 0. 2 Hz KIS
FE LXK,

PRI, hy B G4 o] L 3t FE IR S o K 90
H Ky K K Koy Ko, 735006 10 A 78 LR |

TCHUIRZS TR B R 2 45 ) Y B T DR, K N
fitt A HL o AT SR 3 1 e BRI T DR A, EEXT LI
WR 2 A AR BT X, R s T A0 F
| Af | <0.033 Hz B, &b F RIS, H T
WA AL, AN DA AT E 1, BESS B A
PRSI SS B AP, s =0,
24 0. 033 Hz<Af<0.2 Hz I, 40 T IE #8951
DX, FHL DO A1 238 12 T % BESS T ifF A FE LB
TG T 5
APref_BESS = K, Af + K, %p (3)
0.2 Hz<Af<-0.033 Hz i}, kb T 1 8 5
11 DX, FL USRI 45 2 400 %, BESS T a2F A FL A
2, R R LT R SRR
APreLBESS = K Af + K, %p (4)
2| Af | >0.2 Hz B, &b T B 2P X, BESS
N7 DA S5 KA i HH D AT, B K e =K B
L FEL IO A3 3 Al 25 SR DR A T, (il P ) R G 7 B
S R[] PR 3K B8 ) A IR A B
dAf

APR:LBESS = Kmafo + Kine E (5>

25 b BESS Z 5 — Wil i)~ 18t ) R %K
Kppss T2 Af Z B RECSC R N (6) BTN
0 | Af1 <0.033

K, 0.033 <Af<0.2
K., —-0.2<Af<-0.033
K |Af| > 0.2

Kypss = (6)

isc
max

3 BT SOC I iRHy Bt B T E42 i 3R ig

H AT, 7245 58 1Y 3 T 5 BB 19 a4 41 o
BESS £ A HL ) R Ge B Ly Dy Fand | 3 5 SR [
PN DIRMES 5 — A, T H R RE R 2
SEARXT T HL I & AR AR E A R, KR
K, o] L S il R, AR A S PR # v, B 3 it
Kb Fad e etk s

AN BCE R RS AR e R G o 24N IRk
BESS F ARG, 2451 BESS H L i il /E T2 AN
WG RS2, 3 20 BESS ¥ RSEAFAE SOC
AV, RS SRR, AT R
SR B E Tl N I ol W 2N i i o S AL
KT SOC BARS T BT SOC & M i g R 4¢
SPETTIR IR R 4 it A 2R A 20, i A



Tm A,k Wl T I EEES SR N — KIS R ILZE A RIS [ T]. B T AERTHI R, 2021,40(6) :43-49. 45

B, 25 5 1 B FER T AR 23 G R SR oy
fkRE R G R F A,

RICASCHE T — RS SOC Ay ek i AL N 2
P SR, 6T BESS Ay 1 7R AT A & R [\
i, 51 A5 7, Ul BESS &R 48 2 [8] 1Y T R fij
i, DR R 2 318K BESS 25 /1 ) & G0 Y 3% R
PERE
3.1 BESS AIZ TEEFIBIEMMAK

o B S e R b PR 2 (B 9 4 B S it BB PR
SOC 7E t BfZIHIE 840 (1) BIHEAR N

1
Ss0c(t) = 050c(0) +§f APd: (7)
N O

T, 840 (1) S it it FEL b %) SIS 7 LR 2855 840 (0)
A e LT AR 7 FEIRAS s AP O A TR

M EL iy 2 L, T e T T L Y SOC BYE
HATZIH R

55()C,min $ 550(1<t) $ SSUC,m;]x (8)

M AE FE LY SOC BT L AE Y & 38 DX ] B
A ZTER R AR R A A e ik A T R
SR T FERERE HL T SOC IR AL F 1E 7 X
[ E, AT A2 BB AE SOC 2o &y 3 AR A 3 498 />
BESS i J1, JE B —F 3 F SOC (1) n] A8 T e 6 15 3R
W&, —J5 T AT LLEAS BESS 41 M 4 55 SOC , Wi 2% H:
PERE IR, 1K H Ay, 53— T A 1] AT R b o
BERETE SOC 8 BIR Asf, X R o0 B 52 1 7= A B AS L
i), SEBEXT BESS RE AL AL 2E,

5, AfREFL I SOC 4 XoR L BT an &l 1 fo,
¥ BESS X143 7 A4~ SOC X [a], 43 5 AE Ssoc e ~

55()(1,high+ Osoc high- \55()C,Iow— Osoc Jow+ Al 550c,min o
0%

aJ soCmin | 7T % ﬂq IZ """ J“'

0 socjows

()Vsoc,lowr IE¥

g SOChigh- TEX
d SOC.high

[ AA

100 % BAIX

Bl fRERLIG SOC 23 X 7R 1A
Fig.1 Schematic of energy storage battery SOC partion

FOU e 75 8 SOC YA L >R IR 3 17 ) 25
JHATHY I 0 BESS BYTE Y RAL Ky HEATIRAL, B
FE SRR FE R R EE W AL R H A, By s i
i,

(1) Bsoc (1) >650C,maxﬁ Bsoc (1) <5SOC,min 1 /P

f BESS PR ST, B AR AR 55, (5= 1k

( 2’) %/[ 550(},10»\7 g550C< l) $650C,higlr HTJ‘ ’ BESS @EA
FoE , AR RS R K, JE T FE HL i

K, =K =K, (9)

( 3) %/I 6S()(j,min S55()C< t) <550C,lm\— HTJ‘ ’ E}E%%}fg{
G PR SR S A b AR A% BE HL Tt Y SOC, X
Ky PEAT E & 98 35, BESS FE MR R, K, =
K, ;BESS irH X T K, AUEE I (10) (X
(11) frw B

8SOC,min g550(1 ( l ) = 550(),10w+ HTJ‘

= leax(l - /\/SSOC(t) B SSOC,IUW+ ) (10)
: o

8SOC,min ~ Os0c,low+

Kdisch

550C,10w+ <o (1) <6 SOC. low— ih)

1 : — Ocnre
Kdisch = Kmax(l + J55()c(l) 550(,,1ow+ ) (11>

2 5soc,1ow— ~ Os0c, low+
(4) 4 SSOC,higlr <8soc( t) gaSOC,max HQL,@ BESS b
TR T, Ky, = K, FERALUT K, B9 HUE
=t (12) 2 (13) fros, B,

8SOC,high+ $650c (1) s (SSOC,max ih)

K, = 1Knm(] _ Jésoc<t> - 650C,high+ ) (12)

2 5soc Jmax 880C,high+

5SOC,high— <Bsoc(t) <5S0C,high+ i)

K, :;Kmax(l + Jés()(:(t> - 55()C,high+ ) (13)

SOC,high—- 550C,high+

3.2 BESS W#RE i SOC Y%K BE

WA EE X R G S5 —RIA M £ 4> BESS
TEFET R i FE R AEAE SOC AN B 468 1y 1) J31 , A SCHE X
TG BB K e B G NI IER B A
A 6, %25 — AR BESS B9 SOC #E47
AL BE BT T 6 LATRYE IS R INA R T
FEHIrh, B,

K, %p + Kypss AfG = AP (14)
VI T G Fikat N

G= exp(ksoc(‘sgoc,i - Sgoc,ave) gEN
G= CXP( - kSO(Z(agOC,i - agoc,m) FEH
850, HAEA BESS 1Y SOC AREE ;840,000 N F
GNITA 25— A BESS BYF 24 fir B AR ZS
{ELsn ARG 5 b AT LRSI Y AL
BT, X 8y, B R 19 BESS, -1 [
T G BR X fith i FL A R e R B A
UL Z B L E 5 8 AR BESS, Pl 1 1 G 52

(15)



46 BT HLRE BT AR

540 £ 56 6 1

AN ERBIEEEVE R ORI E, BT,
ERZ ., s HEF e, M RGNS S5 —
YIRS BESS R IEAIT SR AT T PR I A B0
fic, A5 50 R 4 BESS B SOC RS A HE AR
PEAI, L5 T A i RE R e R e ) A s8] T
— BB AERE A5 FE A, X i A H v 1 K S B B
7 RAFRME SRR, SEBL T BESS 1 SOC Hyff

4 BESS £ 5—RiFHH LR G R &

A IR, 25 R 22 Af S ifRE
it SOC HIFEH & #2118 T BESS &5 — WK IR A9 45
B S Dk S5 E 2 FR IB 1RGN

(1) Y H M5 F22-0. 2 Hz<Af<-0. 033 Hz, 7
L BESS A by o IR B AL S O, R R B, X
BESS A &1 7, X H AT LR A 8500 i < 8soc (1) <
8501w I ARHE X (10) (2 (11) I G K, H T,
‘ﬁﬁf%ﬂk?&ﬂ‘ﬂ: 8soc,low— s530c( t) saSOC,max HTJ" %Fﬁ
K, AT 77, R AR 4 far e RS T35 4 4 R 7
DM BESS Z [H] g L)%k i

(2) G, A% 2% 0. 033 Hz<Af<0.2 Hz, 55
BESS 1k 171 faf e W 22 4% W S, 0 il B e da T %
BESS H &M &, 4 H A7 HLAR A Sgoc i 8500 (1) <
Ssocmen. N, R K, Wl i, 24 A i RS b T
8SOC,higlr <850c( t) = 850C,Irlax Hﬂ‘ ) BESS ?ﬁ‘/ﬁgit ( 12) N Z_Ct
(13) et K, Wi i, [FAS AR 4 BESS (i
HUR ST A R, BMJE BESS 22 8] TR Wi,

(3) BRI Af1>0.2 Hz B, H 84 <
Ssoc (1) <Bgoc I, BESS A0 F B 2JAMIX  iTs 2 5
WA BESS B1LL K, 6T HL R4 R0, DL 4
RYFE IR R L2 NE—Hiv,

(4) BESS AN 5 MR A

M IAf1 <0.033 Hz B, BB R A2 E , BESS AN
Z: 5 — R,

(5)BESS Tik& 5155

1 far LRSS Os0c( 1) <550c,minﬁ Ogoc(1)> BSOC,max s
BESS 2 5 P84 R A BR ELXF H 5 75 i i WA F) 5
Wi, A, N2 SR,

Af
P R T ERH
‘ gﬁ ERAE
di RHK,.

R

K2 BESS 25—y £ & i r i
Fig.2 Integrated control strategy of BESS based on improved SOC

5 (RS

AR S B b rL ) AR Sl BF 5T 6 42, FE Matlab/
Simulink -5 H#4 g HL 0 BLATAY ) — R AR
BERINE] 3 FR

PLEHZS 50 100 MW fEREZS 80 1| MW/1 MW
min, WPMERE 7500, LUAIUE 33 5 HLA #E
oS o 2| Bi X B P AN 111 3 N K DA RIS
K0 12, LA AR T IR K, 200 To oy Ty
FF a3 30 A 8 g B T 45 YR FE AL ] o P
TR B () 5 B8R P AR 1 25, BB 43 51 R 0. 08 s,

1+ sF,1,

HPRH 1

(+ T+ T+ 5T) |+

—

30— UK AR R ] P

Fig.3 Schematic diagram of primary frequency modulation

Af

BESS P
VA load

simulation model
0.3 5,10 s 5 0.5;M Fl D g o RGP sf [1] 3 450R 17
farBEJE R AL PR L {E 10 Fl 1,



N

+

R K WE T HIBEAES S N — AL A R A [ T] . L TR RBEIEIAR , 2021,40(6) :43-49. 47

Sk B JIT B A Tl SR W ) A A A S A X B BR
T fnf AIEE S Gy 2 RS R0PE 5l T 004505 B4

(1) Bkt far 4 )

KA SO iR R G il i e il 2
PET gl DL TG REHEAT 0T, 72 TOL T I R
GifmA P, =0.015 pu B RILEN,

SR FHAS T 2 il 12 118 A5 3 R A2 A il 2
4 FI7R , FIHATE 84 = 0. 5 9 BESS 7 Xt b7 42 il 55 s
Ty soC ZEfehZan &l 5 Fs

0 : .

- e PR AR
s, S oL
X 03 — (B
ﬁ -G TR RS
e 1
fl% ,,,,,,,,,,, —ir—
& ;
B 15t A
®

2.0 L L ' I !

0 20 40 60 80 100 120

I A)/s
Bl 4 HREH 0. 015 Ay A SR a4 72

Fig.4 Load disturbance frequency adjustment process

with a magnitude of 0. 015

0.5
0.4
o 03
S 0| —mrERNE T
O Wb e
0.1t _BFERH
0

0 20 40 60 80 100 120
/s

&5 PSR BESS (9 SOC 724k
Fig.5 SOC variation of BESS in FM process

a4 5K s L Kb itie 2 50N A%
AR Bt K, BAERR AR B B, A 3R R 2 g 254
= Nl Y er TRV D VY S o3 S (ED
SEeARZER B SR SOC, FEUGF IR E UL, i
T TR R SR BT . A8 I R ALY SOC 4k
FERCR IR B YRR R AR A R I RO e 2=
B SRR RTE B, A P — VIR 9 52 Br 5 oK
Ko AL EGEZIE T RGN — R K S
fittie H B ORFF SOC T2, 7TEM i R W 2] T
B SIEIER , JTFREE REBRIIMKE | ke
A A B HURES IR RIS (145 A B9 SOC kb
TR KT R I S O AR

A AR F R ZR AT TR S REIAL
A7 AL 1 R A2 T A 1 3 A A — AR RICR
XFH LK SOC 28R Bl o 5 an i 6 518 7 B

o - Sy

_ L — SRRk

= 04|

S 061 |

)

M o0s

B -1.0 e ——
-12 N
14 20 40 60 80 100 120

B A/ s
El 6 Iy 5 oK% BT AR AR L

Fig.6  Frequency variation with and without equilibrium

0.50

045l N £ PRIIHTSOC-50%
) H R ES0C-35%
0.40 BN RE BB HSOC-50%
) N FFEREIHSOC-35%
5 035
Fom|
0.25 \\;
T~
0.20 el
0.15 o
0 20 40 60 80 100 120
1) /s

7 I 5 R % IR H T 1Y SOC 281k

Fig.7 SOC changes with and without equilibrium

SIS R 5 AR5 | AR 1 — U R AR
IR B, TE 8y ZALTT T, 51 A £ (1 £
RERYE, 8q0 A T EK - HISERE SR IT IR 8% | o
HUIRZS T DR, 8500 A0 T AR K - 19 i BE 7T Hh )
B FTRUIR TN RS, 38 it T — 38, WA K
HAEFF TARAT HUIRZS I AABE LT SOC 7K, i e L
PEFTHC A SRR IR R i RO A i 98 SR Bk, B
R AERE A ) G RE Ay, N R T
RS RAFAUABRE ST TR,

(2) L 30

TE TR G R INA WK 8 s i) — BE 2 (148
3, T AT RGIR AL S VIR E g0 =
0.5 Fl 84y =0. 35 MIPIMEREHLIT SOC A2k H Iy
St 9 K 10 Frn

0.10

-0.10

100 200 300 400 500 600
B )/ s

8 10 min AYELEBEHLIL SN

Fig.8 10 min continuous random perturbations in minutes



48 BT HLRE BT AR

540 £ 56 6 1

“AEH/x10°3

N

|

0 100 200 300 400 500 600
1] £/s
B9 EZHE T RS

Fig.9 Frequency variation under continuous perturbations

0.50
0454, ML .
040 | |

035 |
030 14

()SOC

[4]

Jiyuan, Fang Kai, et al.). HLhfif A8 R &5 9/ 40 % R
(Frequency regulation of electric power system using bat-
HUBE Tll 4 iR
41 (Beijing: China Machine Press) , 2018.

MR E S, 2287, %, 5% (Chen Guoping, Li
Mingjie, Xu Tao, et al.). J&THAEVR & JE ) H AR
5% (Study on technical bottleneck of new energy devel-
opment) [J]. HEHYL TR 2= (Proceedings of the
CSEE), 2017, 37 (1). 20-26.

ReW, ERE, KENS, 55 (Wu Jincheng, Dong
Shufeng, Zhang Shupeng, et al.). T4 AT HEFAR
B KRR )l D RO A E R T A i e D AR LRI T vk

( Capacity and power planning method based on distribu-

tery energy storage system) [ M]. JLE:

ted computing for energy storage assisted frequency modu-
[J]. WIS (Elec-
tric Power Construction) , 2019, 40 (6) . 57-64.

T4, Bk, Z28M, 5 (Ding Dong, Yang Shuili,

lation in thermal power plants)

Li Jianlin, et al.). 5Bk AL S5 ISR BESS

AL E  (Capacity configuration of battery energy stor-

025 piiw ¥ 3 &
020 L L s0C-50%1 '
—— SOC=35%})
0.15 . i . . L
0 100 200 300 400 500 600
i 18] /s

K10 RSOl SR B B BE o0 SOC 224k
Fig.10  SOC change of energy storage unit under control
strategy in this paper

Wl 9 PR AEASCIPE TSRS T RGEIR
22 HERFAE T BT UE RO RE N, I B i e v
Gk 10 Bz  FE B T RS2 T, 4 AE ST B
77, SOCRASIZWnta T XML , 18 BLACAT 9 — 2K
P

6 it

ARTCEE Y — o 3T R, 19 9 45 5 5K 15 Ttk SOC
RAH BESS 25 — R 5 2 s . 7EA
[F] By 330 IX 18] 5 AN [R] 4 i RE Pl i SOC IRASTT , 5281
BESS #HH Jr e fda il , BEA S B 1 AN RIS i
22 DX TR A BB, SCff DR T i BE R Tt 1) i FE o T
[, IFG BEMA T RG0S5 — AT BESS
AT Rba 4R e TR IR SE K T BESS 1)
TEIR T34, AKX BESS 25 1, J) R G M A< ) 45
AR FEBE T —E B BEE LA

S22k (References) :

[ 1] XEW. (Liu Zhenya). 2FRAEVH HEEM ( Global Ener-
gy Internet) [M]. Jb 5T HEH 7 ittt (Beijing:
China Electric Power Press) , 2015.

[2] Z=# K, o, BEl, % (L Jianlin, Huang

(7]

[ 8]

[10]

[11]

age as an alternative to thermal power units for frequency
regulation) [J]. fifRERI# S5H AR (Energy Storage Sci-
ence and Technology) , 2014, 3 (4). 302-307.
MK, &, HA& (Li Jianlin, Ma Huimeng,
Hui Dong) . fi#f REH ARG 43 A 2T AR REIE A AR B
KB (Present development condition and trends of
energy storage technology in the integration of distributed
renewable energy) [J]. L TH ARZHM ( Transactions of
China Electrotechnical Society) , 2016, 31 (14). 1-10.
Wi E, B, 558 F (Miao Fufeng, Tang Xish-
eng, Qi Zhiping). WUKIN & IR T ¥ EL ) R G0 4R R
P4 (Analysis of frequency characteristics of power
system based on wind farm-energy storage combined fre-
[J]. @ EHAR (High Voltage
Engineering) , 2015, 41 (7). 2209-2216.

Zhang Y J, Zhao C, Tang W, et al. Profit maximizing

quency regulation )

planning and control of battery energy storage systems for
primary frequency control [ J]. IEEE Transactions on
Smart Grid, 2018, 9 (2). 712-723.

Li Yong, He Li, Liu Fang, et al. Flexible voltage control
strategy considering distributed energy storages for DC dis-
tribution network [J]. IEEE Transactions on Smart Grid,
2019, 10 (1) 163-172.

Almeida P M R, Lopes ] A P, Soares F J, et al. Electric
vehicles participating in frequency control: Operating is-
landed systems with large penetration of renewable power
sources [ A]. 2011 IEEE Trondheim PowerTech [ C].
2011. 1-6.

Lian B, Sims A, Yu D, et al. Optimizing LiFePO, battery



EA KN <

I X

T8, b AERES S5 M — YRR LA LE AR IR ()], T RE B IR, 2021,40(6) :43-49. 49

[12]

[13]

energy storage systems for frequency response in the uk
system [J]. IEEE Transactions on Sustainable Energy,
2016, 8 (1) 385-394.

oMbk, X, ESCE, 4% (Wu Linling Liu Hui, Gao
Wenzhong, et al.). K& = HIBAGEES S5 HL I — A I
B AL S KRB 5T ( Research on the optimal control
strategy of large capacity battery energy storage for primary
frequency modulation) [J]. 1Edb i JJ4 R ( North Chi-
na Electric Power) , 2017, (3). 32-38.

RS, MR, B AR (Deng Xia, Sun Wei, Xiao Hai-
wei). EREHLIBS 5 — WA EE G458 Ik (Inte-
grated control strategy of battery energy storage system in

primary frequency regulation) [J]. B HLJEF AR (High

[14] %=

Voltage Engineering) , 2018, 44 (4). 1157-1165.
T, INEVE, TFHiAE, 5% (Wu Qingfeng, Sun Xi-
aofeng, Wang Yanan, et al.). &340 20T Je 4 1
e, R 4 A At E R & SOC -7 %K % ( Distributed
control strategy for SOC balancing of distributed energy
[J]. W TR AR
('Transactions of China Electrotechnical Society), 2018,
33 (6): 1247-1256.

VFZE (Xu Hongyuan) . fifiES 5 & KA B L) R 4T
RS R I 2E (Study on frequency regulation strategy

storage systems in microgrid )

of energy storage system in power system including win
power) [D]. dt5t. JbHIZZHM K (Beijing: Beijing
Jiaotong University) , 2018.

Optimized integrated control strategy of battery energy storage
participating in primary frequency regulation of power grid

MENG Gao-jun', ZHANG Feng', ZHAO Yu>’, WU Tian>’, MA Fu-yuan®’
(1. Nanjing Institute of Technology, Nanjing 210000, China;
2. Key Laboratory of Solar Energy Utilization & Energy Saving Technology of
Zhejiang Province, Hangzhou 311121, China;
3. Zhejiang Energy R&D Institute Co., Ltd.,Hangzhou 311121, China)

Abstract: To study the efficient control strategy of Battery Energy Storage System (BESS) participating in the pri-
mary frequency regulation of the power grid, based on the analysis of the power system frequency modulation de-
mand and the consideration of the state of charge (SOC) of the energy storage battery, this paper proposes a com-
prehensive primary frequency modulation control strategy that takes into account the grid frequency modulation de-
mand and the SOC state of the energy storage battery, and the droop coefficient self-adaptive optimization and e-
qualization control method are given under different states of charge. The battery can participate in the adaptive ad-
justment and state balance of the primary frequency modulation. Based on the regional power grid frequency modu-
lation simulation model with energy storage batteries, the proposed control method is simulated and analyzed under
step disturbance and continuous disturbance. The results show that the studied control strategy has advantages in
both power system frequency adjustment and battery SOC maintenance.

Key words; battery energy storage system; primary frequency modulation; charge state; droop control; equilibrium

strategy
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Research on active equalization method of retired lithium-ion batteries for
the echelon utilization

YANG Yang', XIE Chang-jun', ZHU Wen-chao’
(1.School of Automation, Wuhan University of Technology, Wuhan 430070, China;2.School
of Automotive Engineering, Wuhan University of Technology, Wuhan 430070, China)

Abstract: Aiming at the problems of large number and serious inconsistency of retired lithium batteries, a grouping
bidirectional active equalization structure based on buck-boost circuit is proposed. SOC is used as the equalization
variable. Centralized equalization topology based on single inductor and mean difference algorithm are adopted for
balancing within the battery group, and distributed equalization topology and the equalization strategy range method
combined with adjacent difference method are used for balancing between battery groups, balance respectively. The
experimental results of static equalization and charge equalization of 12 retired batteries show that, the proposed e-
qualization method can improve the inconsistency of retired batteries fast and effectively, and the equalization time
is 98 min and 87 min respectively.

Key words: retired lithium batteries; grouping equalization; bidirectional active equalization; Buck-Boost circuit;

state of charge( SOC)
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A novel equalization circuit combining switched-capacitor and

switched-inductor

FAN Yuan-liang'*, WU Han"?, XU Meng-ran’, HUANG Jian-ye"”, LIN Shuang', LIU Bing-qian'’
(1.State Grid Fujian Electric Power Research Institute, Fuzhou 350007, China;

2.Fujian Provincial Enterprise Key Laboratory of High Reliable Electric Power Distribution Technology, Fuzhou
350007, China;3.School of Automation, Guangdong University of Technology, Guangzhou 510006, China)

Abstract; The capacity difference among energy storage cells connected in series will reduce the effective capacity

of the whole energy storage system. The active equalization circuit based on switched-capacitor can effectively cope

with capacity difference. However, the equalization speed of conventional switched-capacitor equalization circuit is

slow, while the series-parallel switched-capacitor equalization circuit requires too much switching devices. In order

to solve this problem, a novel equalization circuit combining switched-capacitor and switched-inductor is proposed,

and the operational modes of switched-capacitor and switched-inductor are analyzed in detail. Finally, the prototype

and experimental platform of the proposed equalization circuit is developed to verify the feasibility, and also shows

that its equalization speed is faster compared with the conventional switched-capacitor equalization circuit.

Key words: energy storage system; active equalization; switched-capacitor; switched-inductor
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Finite control set model predictive current control scheme with low
switching frequency for five-phase permanent-magnet
synchronous machines

ZHANG Jing', WU Xue-song’, LI Ting-ting', YU Bin®, SONG Wen-sheng’
(1. Chengdu Yunda Technology Company Limited, Chengdu 611756, China;
2. School of Electrical Engineering, Southwest Jiaotong University, Chengdu 611756, China)

Abstract: With the merits of strong fault tolerance and high power density, multi-phase machines have been widely
used in aerospace and ship propulsion. In the paper, a low switching frequency FCS-MPCC method suitable for
large power application is proposed with the five-phase PMSM as the studying object. Firstly, the variation rules of
the motor current is analyzed, the range of current values is designed in accordance with the reference current val-
ues, and the voltage vectors are preliminary selected with the current values. Then, in the current forecast the line-
ar extrapolation is used, and the evaluation function containing extrapolation steps and switching numbers is con-
structed. Finally, the optimized voltage vectors are selected according to the evaluation function. The experimental
results have verified the validity of the proposed MPCC scheme.

Key words: five phase PMSM; model predictive control; finite control set; switching frequency ; dynamic response
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Tab.2  Experimental data of cold plate for thermal resistance
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Abstract; The heat dissipation problem of high voltage inverter power devices is the key to restrict the performance

of equipment and affect the power density. In view of the shortcomings of traditional air cooling and water cooling

schemes, this paper studies the application of evaporative cooling phase change cooling technology in high-power

high-voltage inverter. Firstly, according to the structural parameters and heat loss calculation of the inverter power

module, a highly integrated evaporative cooling cold plate cooling scheme is designed, and verified by numerical

simulation and experiment. Research and analysis show that, compared with the forced air cooling scheme, the

phase change cooling plate cooling scheme can highly integrate the power module and greatly improve the volume

power density; moreorer, compared with the traditional water cooling plate scheme, the phase change cooling plate

has better average temperature uniformity, self circulation without pump, convenient operation and maintenance,

and better flow uniformity, which is more conducive to the safe and stable operation of power devices. In addition,

the cooling medium has electric insulation and higher safety.

Key words: high voltage inverter; evaporative cooling technology; cold plate; phase change heat dissipation



