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Research on non-invasive industrial equipment monitoring methods

ZHAO Xueming, YANG Guozhao, YANG Zhaowen, HAO Shuang,JIAO Long
(State Grid Tianjin Electric Power Company, Tianjin 300100, China)

Abstract: Non-invasive load monitoring (NILM) technology can obtain the electricity consumption information of
various electrical devices of users without intruding into their premises, solely through the analysis of data from their
electricity meters. NILM has been extensively researched and applied in residential load disaggregation, but its
application in industrial loads is limited. On one hand, industrial loads differ significantly from residential loads in terms
of load characteristics and data distribution, leading to a noticeable performance decline when methods designed for
residential scenarios are applied to industrial settings. On the other hand, industrial users, concerned about privacy
protection, are reluctant to disclose their electricity consumption data, making it highly challenging to effectively learn
about industrial load equipment using limited data. To address these issues, an industrial load disaggregation method
based on the factorial hidden Markov model (FHMM) is proposed. This method utilizes multiple independent hidden
state chains of the FHMM to simulate the operational state transition process of industrial load equipment. By determining
the state of the equipment at each moment, the electricity consumption of the equipment can be predicted in conjunction
with state-specific energy consumption information. Finally, the proposed method is tested using on-site energy
consumption monitoring data from a factory, and the results demonstrate its effective load disaggregation performance.
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Table 1  Differences in electricity consumption between

industrial and residential users

B fiif 6 Y B4 K FARAE
EE HUSETH AR TERRAE B0 N (8] 3 I ) e A S
AAXTEAL  ERABCRED A A
_ FL T FE B HEEW SRR EE
HR HOEZ , H A

2 EFGMMBE FHMM T AT R

[ D /R A A (hidden Markov model, HMM)



114 I <

15

Eid =S 3 20244E9 A

F 20 42 70 4540 i Baum %5 A2, HA R 1
Sh 25 HEAERE 1, AT LA [R] — Ao ) 4 B 1 A B0dE R A
B A, © R R 15 T A B R R S A
AR )72 — . FHMM i Ghahramani £
Jordan 48 i1} , 2 HMM 1) —Fp 4" @ 8 0 5% £ 4%
ST ) B R AT R A BT 5 K R B R A Ay 2 g
F1 0 E A AR R E R R 22 M5 S b, OF
HAT LA 55 HMM i i Sl 5 M4 . FHMM F 2011
AR T A P NILM [R] 80, I E 8% 0 B 78 5 R B
(N 1/60 Hz) Wy & 1 767 4 i b B4 R 46 1Y
B

FHMM J2& —Ffh £ 5 HMM #8140 & £ /4> 0 R
A SR A — AU 3, AN 1 e A B T R
AR B 1 UL T R A RS S R AT SR B Y X
H2Z A, XFF NILM [al#, &4 T 5l J6 Ty Ty 2R S 0
W51, A 1 4 R ZS RN D RE R, IR Ik, A4 i
FH0 T LA R N — A HMM, 3 HL % % (19 T AR AR
Ble— SR RKEE, BIREENEETREY
SR AT DU A A S B 2 HMM 41 FHMM,,
FHMM 1 W2 15 51 5t 2 DI #E .

FE Tl B fof 43 i 3 5 6 AL & n AN )R
w0 G o3 i, OB SR ) FHMM 3, W 181 157
/N o FHMM & i A > # Bol 7 79 HMM (3% 5% )
IEAT AT K i A (A 2 D %) B T[] — B 221
B HMM BPIRZS

n A
B |9

E1 FHMM T #&
Figure 1 Diagram of FHMM

BT LR FHMM BEAL, S i S fiff 7] 20 m] LA
W R AE — B[R] T N Sl B AT Y AT R JC B ) AR A
I A B A% 1 HMM 2800 1, R il B4 1 4 1)
OB N LR WER S i N R &
K DN T B a3 A RO o X 2K ) R R
Viterbi LR A 0 FERL IR B, o8 T AT
A Y R R DL R B R AR SR —
Fi 2T GMM i FHMM £ 84, f: 5% % 22 F J5 Al
(sum of squared error, SSE ) ffi & fe {1 R 3%k .

AR SCRAR G BB 0 R 2R B, T2 R T SSE

Wi E e AR b, B A A IS TN, SSE W/, 2 £k
B E A BB, SSE ¥ T & . &HE X n ik &
T o ARG, ) SSE N

5, =3 d(e. )

K, e REE e, WER T L d A KILE 1
HEE .

GMM 11 5 B4 AR N & 39r18 45 40 A, o3& T
U1 HA Z A A 6 43 A 502 A A [8] 2 800 [a] — 28
AU 53 A 1 17 s GMM 89 1 AT DA e IR 4% ¢ s 0 o3
A % M A S R (E O Y BT . GMM 1Y R R
W

p(x):Zmp(zlk):Zm@(zlm, o) (3)

K K REE 7, WALE ; p(2lk) g ik 232 %5 5 bR
B, RN IE S A 5 e X 500 0 T 2

i W 3 i Kk (expectation-maximization,
EM) 55X GMM #4725, LB A8 70, e B 0, 1 B
EZ%

3 W5t

AR AR FT S b TR 560 A $2 NILM % R 7E Toll
Gy st W L FH AR, XF Tl 3 5% 19 NILM £ AR #4790
PR
3.1 HIE&E

K2 8 3 NILM B8 4 AL 45 ok | £ 8k
Rl S0 8ds R A KA Tk 568
Pt AR AR SO TAE R, 1 Se AT Tk 3 5
(B0 3 BHE R AR o TR [R) 28 80 T P i e
25 | B3R BRI G HE U i T BB 22 SRR L Nz
A A R MR DL SRR R AR (U RD ) Hi 4k
51548, 8 T 2k BB B o T T AN | E R T 2
F R LT R R [R] Tl 3 5 B 11 1 B R
BT — T T, T BRI L 4R K 4R K B
FINFIAE £ 25 o 0k R A5 3 AR 1 PR O LR 5 O —
AT, e R i 2 2 b o5 4 43200 2 T o % A 3 S AR
Hl 2 RS . AR A RE— RS A
fifh ) 76 e 3080 R AR 5 A7 0 O 20, W 2 R R AR i &
A AT 8 (RN 58, 3K T B VS KA R 1Y 15
R G .

16 Bt R 4R TR, A1 Hz 09 R AR R R 4
FEET 2 TE-BNIANEERGHAE DY)
ROL R B EAE G, T R B R 2
i

(2)



EORUECE R ]

AR A5 AR A A S B Iy i 115

LT R A A 7 R A5 BT R 2 200 kW, Hi 3
A BRI o BRI R TR T ) T R 4 i [ET 3
Ji7R 5 4 WA A DT 3 eI T 3R i 4 & 4 s .
T T BB AR AR SCRAE T & B A& 1T il
2R AR A A I BRG], IR R 1 He F

I

iR EIRETEE

B2 ) #esE

Figure 2 Schematic diagram of factory power supply
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Figure 3 Total active and reactive power of the factory
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Figure 4 Active and reactive power of each device

32 #£R

FHMM £ J& R 0747 43 i vh A AR G i 1 {5
B O 7 = S N i S P B = O & W = el Bl
824 AN B B3 A 2R R Tlk 7 o7 19 NILM
[F] R AN [ 3 A 4k 2 ) A P B AR, TR —
WA TEIB AT 1 B rp Dy 3R B A K, o A AT e K
BF B 3E 223 AT . A T 3K B0 47 1 1 fap 20 80 il
FH A bR 28 19 I R8s 45 5 FHMM #4711 25, SR J5 K
52 (19 FHMM Ry 72 D0 3 4 vl 3 5 43 i 2808

AR H F-measure 48 BOFAL T 4 35 T FHMM
() NILM 5 # pE fg |, B

2P.*R.
wnsure: Pr+ Re
P, PRI R UER 3 RO A ] 5%

F-measure 52 il i 73 2 i & B9 — 4> 3F o 45

F, (4)

B, S5 4 2 B8 T HER AN [0 R, H 2 T NILM
PEREVEAL , T LA 4 b 2 10 152 4 4 0F 60 4 00 A T )i
OGRS

A i 0 H R IE R0 IR A B JF SRR .
FHMM £& T Tkt faf A 2 FTC 2y By 32 109 43 file 45
WAL 5 T 7 5 45 B 4% o0 fff 45 3 2 R 5 BT S (4 X E
WAL 6 JT 7R 5 T J7 1 4 B e 43 fige 25 R AN 1L 7 TR
] PLA A K 4 15 & Y e A IR, F-measure 8
BOOPAE I Bl A 2 T 83.56 %6 ~95.62% 5 ¥ £ 2 BRI
KRR %, BB RN RS 21T DR R, 51
b 15 5 1 10 3 Iy AR AR, 43 ik 45 SR B VRV o

S AU A 2 o) R AE S U E /Y FHMM i
U B A SOl A T AN G B o R A SR LA
07 V5 BUA T U 0 43 i 2 R 40 i 4 R A B A n R
2R .



116 B B % 5 R % 20244E9 A
2000 a1 ——— 100
15001 95.62
| 95t
1000} < 91.23
5001 % 907
Op- SR 83.56
. 2000 TR col
5 1500f o |
= 1000 P} i 75
T 500) P ! ! 2 3
R E | B
6000 § B7 omaR
4000 Figure 7 Decomposition results
2 000 R2 RRFEeZ R
0 Table 2 Effects comparison of different methods %
X Jiik : : :
I 8] /h Bl W2 3
(a) A U115 FHMM 90.83 60.40 46.78
A3 95.62 83.50 91.23
2000F i
1500¢ 5T FHMM B NILM J7 7% ] AR G- b 53 fif A
1000F i . .
o | W2 T A B A . LA A SR L
0} I8 YR TC I Uy Za 4 i 1 o Al SO | e R Ay i s
5 SO0 6 52 T 5 R EAR DL (LB ) 31y 5 R
gjgj 10 1 o7V T A, VI 5 FHMM B A SO T 43 i
ﬁmw ? ?i f A5 D A T T D SR A R PR T 6 A
0 R TR e, HALE 0 12 d I BUHE , 3 28 5514 X B
150 WEB A FHMM 42 8 7 B R A PR AR 38 2 15 82 0
100 BN B FHMM 2 i 1k e 4 22
50
o it | | EH 4 Z5iE
0 5 10 15 20 25 o
B il /h A SCXF Tolk 37 55 59 NILM 8 R g8 45 7 91 4 i
(b) T3holy% LT —F T FHMM i JE A AR F 2 Tl
— HSH CN GRS A W DB A, 245 8 [] B FH A7 1) A T 2 T 2 4
E5 %%&asmsR S WEIAE, AR T R A Y S8 PR B R AT .
Figure 5 Decomposition results of each device S 2E HLR L T FHMM ) NILM 5 725 & —

(=1

W

T /kVar A IPER/KkW
=)

i 1] /h

6 BRESMERZIIL G RGTI
Figure 6 Comparison of the sum of the decomposed results

of each device with the total power

AT S Tl B Ao o i 7 i, D 2RI ST AR AL T AR B
27 . ARARR R E 20 Tlr Bl BF 58 ey 52
BUIC M E Tll B £ 20 ik, SO A B X EE BT

CESEE

[1] ARMEL K C, GUPTA A, SHRIMALI G, et al. Is
disaggregation the holy grail of energy efficiency? The
case of electricity[J].Energy policy,2013,52:213-234.

[2] &% RFZEJHTT BT AR TR AT H 190 98 U A 5 T A &P
Ay B % A 9] 755 R HL %% ,2023,59(4):70-76.
JIN Meng, ZHU Xinyao, ZHOU Qian. Quantitative
assessment of influence of renewable energy on peak

grid and its

regulation characteristics

application[J].High Voltage Apparatus,2023,59(4):70-76.

of power



EORUECE R ]

AR A5 AR A A S B Iy i

117

(3]

(4]

(5]

(6]

(71

(8]

(9]

[10]

[11]

[12]

W AR ET TR OB AR I RE TS RER
SE iR PSRRI [T]. % 00 77,2023,51(8):46-52.
TAN Qingbo,PAN Wei, WANG Zhuning,et al.Investment
decision model for comprehensive energy system under
new power system[J].Smart Power,2023,51(8):46-52.

00 18 I A7 BT B MR T RS R ARG 3R AR R A KB A
WE B 2R3 ], F ) R 48 B 346,2023,47(13):94-109.
BAO Haibo, YANG Shuhui, CHEN Zimin, et al. Review
on event-inspection based non-intrusive load monitoring
algorithms[J]. Automation of Electric Power Systems,
2023,47(13):94-109.

KRBT, FE LGRS I T - s ARSI 5 fg
b 01U ) 5 A B9 RAE A AU B R S E T
[J]. LI 5 4% 2,2023,60(12):182-188+195.

SONG Weigiong, WANG Liyong, SONG Wei, et al.
Research on residential non-intrusive load identification
algorithm based on equipment operation state detection
and energy regression synchronous evaluation[J]. Electrical
Measurement & Instrumentation,2023,60(12):182-188+195.
LIU B,LUAN W, YU Y. Dynamic time warping based
non-intrusive load transient identification[J]. Applied
Energy,2017,195:634-645.

%75 25 % INBOTE 5 SEF M GMM-CNN-GRU IR &
fR 3R = A 2GR I D O R (). O R R S
#1,2022,50(14):65-75.

YANG Xiu,LI An,SUN Gaiping,et al. Non-invasive load
monitoring based on an improved GMM-CNN-GRU
combination[J]. Power System Protection and Control,
2022,50(14):65-75.

T AR R G S A B 5T (D] K - R
KA ,2021.

LUO Qing. The research on non-invasive household load
monitoring algorithm[D].Changsha:Hunan University,2021.
PR A B A T R R A S A TR Y S
e e 0 £ (3. B 9 5 9 7 AR UK, 2022,38(12):101-106.
SU Xin, YUAN Bao, ZHANG Rui, et al. AC voltage
amplitude measurement based on non-intrusive load
identification[J]. Power System and Clean Energy,2022,
38(12):101-106.

AR AR X128 SOl AR A SR R A g A e e
AR [J]. 7 7 L R ,2013,7(4):1-5.

YU Yixin, LIU Bo,
residential load monitoring and decomposition technology[J].
Southern Power System Technology,2013,7(4):1-5.
DING S, HPEL K W, DANG Y. Forecasting China's
electricity consumption using a new grey prediction
model[J].Energy,2018,149:314-328.

TRUNG K N,ZAMMIT O, DEKNEUVAL E,et al. An

innovative non-intrusive load monitoring system for

LUAN Wenpeng. Nonintrusive

commercial and industrial application[C]//5th International
Conference on Advanced Technologies for Communications,
Hanoi,Vietnam,2012.

[13]

[14]

[15]

[16]

[17]

(18]

[19]

[20]

[21]

[22]

[23]

[24]

[25]

BRUCKE K,ARENS S,TELLE J S,et al.Particle swarm
optimization for energy disaggregation in industrial and
commercial buildings[EB/OL].
2006.12940v1,2020-06-23.
SUZUKI R, KOHMOTO S, OGATSU T. Non-intrusive
condition monitoring for manufacturing systems[C]//
25th  European
(EUSIPCO),Ko0s,Greece,2017.

MARTINS P B M,GOMES J G R C,NASCIMENTO V

B,et al. Application of a deep learning generative model

https://arxiv. org/abs/

Signal  Processing  Conference

to load disaggregation for industrial machinery power
monitoring[C]/IEEE
Conference on Communications,Control,and Computing
Grids  (SmartGridComm),

consumption International

Technologies for Smart
Aalborg,Denmark,2018.
GHAHRAMANI Z, JORDAN M 1. Factorial hidden
Markov models[J].Machine learning,1997,29(2):245-273.
ZEIFMAN M, ROTH K. Nonintrusive appliance load
monitoring: review and outlook[J].IEEE transactions on
Consumer Electronics,2011,57(1):76-84.

FORNEY G D.The viterbi algorithm[J]. Proceedings of
the IEEE,1973,61(3):268-278.

KOLTER J Z,JOHNSON M J.REDD:a public data set
for energy disaggregation research[C]//The SustKDD
workshop on Data Mining Applications in Sustainability,
San Diego,CA,USA,2011.

KAHL M,HAQ A U,KRIECHBAUMER T,et al. Whited-
a worldwide household and industry transient energy
data set[C]//The 3rd International Workshop on Non-
Intrusive Load Monitoring, Vancouver,Canada,2016.
ANDERSON K, OCNEANU A, BENITEZ D, et al.
BLUED: a fully labeled public dataset for event-based
non-intrusive load monitoring research[C]/The ACM
workshop on data mining applications in sustainability,
Beijing,China,2012.

MONACCHI A,EGARTER D,ELMENREICH W,et al.
GREEND:an energy consumption dataset of households
in Italy and Austria[C]/IEEE International Conference
on Smart Grid Communications (SmartGridComm),
Venice, Italy,2014.

KELLY J,KNOTTENBELT W.The UK-DALE dataset,
domestic appliance-level electricity demand and whole-
house demand from five UK homes[J]. Scientific data,
2015,2(1):1-14.

GULATI M,RAM S S,SINGH A.An in depth study into
using EMI signatures for appliance identification[C]//The
1st ACM Conference on Embedded Systems for Energy-
efficient Buildings,Memphis,TN,United States,2014.
BATRA N, GULATI M, SINGH A, et al. It's different:
insights into home energy consumption in India[C]//5th
ACM Workshop on Embedded Systems For Energy-
Efficient Buildings,Rome,Italy,2013.



