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Fig.1 Block diagram of HIL simulation system

for grid-connected inverter
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Fig.3 Single-phase full-bridge grid-connected inverter
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Fig.5 Equivalent diagram of voltage error caused
by PWM pulse width error

o FE PR | HAE R AL BEAT IE SD] 4 4 A
U, FeBEAT 4 R G0 o it AR T8OR35 3800
Wl 6 B — AR ER Y,

u
Uf—ro

—-U. i,

6 PWM Bk i B8 B 3 M S5 20 B
Fig.6 Equivalent diagram of PWM pulse width influence
2R T XU A 3 i )
U.=2Usf.Ty (10)

U, B R/INIE P T BRI B TR | 30 R e
S N T ol RS S K SR T B 1 SO S
— ARG E T, e 2 B R — R E A E, R
G e =i e R G ST S G LS =RV
WRZEHIE U, B E) 028 1 52 i O, T s 1
SR B S B i R R R RIS O AN R 4T
SE T 23 A — SE IR U I
22 FE PWM Rk 28 BIR 2= 50 Y S48 7 I i 35
AR FRE

P 3 Jhy PR 4 O 0 30 A HL £ 2 A AT A T
AL AR 2R B R E HIHE LI 7,

B 7 FFREERR R G HEE
Fig.7 Block diagram of grid-connected

inverter COHU‘OI system
A 7 n] 15 2R R G fL i R R .
_ G(-(S )Gp(s )KPWM
“”Wﬂangmmw“&”

G.(5)
4.6, (5 Ky U (an

H s (1) AT VA S i ER T 5 40 R
A RN i 5 E R E A G 2 L R TR s I
H AL G Z Bl

SR T B R IO R X R R A S R R P R
P FEL RS T B 114 77 3 SR I R R 2 (220 [ i R

PWM ik i i JBE 0 22 52 i), A8 200 1A 6 Jr 7 9 A1 £k
PERR I B R GEh A2 AN 8 Frzs i1 3 M %
RS B AR
U?F _
_Ue

u’®—e’| G.(s) }L@—)| Ky + 'y i
i~

B 8 PWM Bk BEEIREH M F TR RIZH REIER

Fig.8 Block diagram of inverter feedforward control system

considering PWM pulse width error
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Fig.9 Equivalent block diagram of inverter control
system considering PWM pulse width error

HI1E 9 AT LA A PWM K i 58 B2 15 22 52 i)
Ja P ER B4 R G — DR R G, A RER
LM R G H R M7k | 25 5 HO08 A9 75 1%

3 ETHTFEZENARRE SN

Y T 0 o PR 0 2 — B R AR IE B)
T P B A DA A7 S R S T ) A LI | R I
Oy BT AR AR LA R GE B B RIAHE) T AP T T
LR T — | B Rk sl AR ek RGO RRE 1
i e VA RO SR CE S L IR (OO b
Bl AR

XTI 9 Fron iR R g8, R P AR HI R
GE B TT RN

k, Kowe —u=Le (12)
U, c>0
u=
-U. ¢<0
He=r—c, 113,
e=r—c (13)

M, RGBT AR
Le +k,Kwye—Lr-U.=0 e<r (14)
Le +k,Kmye—-Lr+U.=0 e>r
H LN .
e=r (15)
a. GRGEWRANNERIE S r=R I, H1X(7)
ARG TR



(6] ® 0 8 & iR B

$£36%E

Le +k,Kwye-U=0 e<R (16)

Le +k,Kmye+U.=0 e >R

I 10 W0, 2425 58 PWM ki 5 2 5% 2 5% )
B, B BRI 17 e 2 S OB EE e, 15% 2 MU SR 2 1) R
ML T b, Ko/ L, BT LAR/N W ke Ky / L ABAE
TEARTK, PRI st 28 6 1 W) o i [E) AR R, G2 Je /N T R GE 1Y
R Iﬁjﬁﬁ,i%\?&l%ﬁﬂgj(d\ﬂittﬂ: U(,/kaPWMo
I, An2RE PWM K o 58 15 22 5 RS 119 138 25 HL R A
VO A 158 2 K, o st T R B ROK k, R

Btk 70
%\60 o=k

0 U\ .
k,,Kr\\M 3{ ﬁr?ﬂ

B 10 MAAIMRESHRSEHEFTEE
Fig.10 System phase plane diagram
with step signal input

b. RGN IEZAS cr=Asinwt .,
ML (13) AT
c=r—e=wAcoswi—e (17)

K9 Pt s R GEHIr TR

Le +k,Kpywe —wLAcoswt—U.=0 e<Asinwt

ep=

(18)
Le +k,Kpywe —wLAcoswt+U.=0 e>Asinwt

it (18) 5,

e=(=k,Kmye +wlAcoswt+U,) /L e<Asinwt (19)

é:(—kapwe+wLAcoswt—Ue)/L e>Asinwt

GG Ty k, L 72 AR 2245 5 0 AR Bk
KN 11—16 Fras B de AR EAYDR2E

a. g T, B4k,

MARBEE 11 AT VR Y T, — & i, AL
N — BB 8 I i SR 332 2 0 N RO ) A il 2, 7R
ZE A5 T IRAE FE BRI | AR AR 215 22 I 1 LL 4K
INE HAR AR K R 2 AE T AR s AR AR
AT B 15 26 (B Ik i A28 i 70 7 15 25 {8 0 DA A7 1) 3R 25 (E
W 1] Bk A2 = 1E AR 25 {0, R IR 22 1R 5 B2 v

3
T,=10 ps
< Ty=6 ps
-
S0
-3

e/A
Bl T, ZUHREES c WETEE

Fig.11 Phase plane diagram of error signal e
for different values of T

Ml EL B/, R ST i BEAR A B ER B AR 5. 2
T, BN P il 2 00 T BB ) RIVER 22 A I (LB
Ko MR RZER SRR —rE R, Bl 22
F T A S PWM K b 6 B2 5% 25 7 AR B4 I [R]
Ty o, RO MR Z 0 22 AR T, iR 22
o ) 8] 0 17 i R A0 1A 12 B s IR 12 AT R AR
P AR BTG 2598 2 B AR Y

e/A

0.01 0.02 0.03 0.04 0.05 0.06
t/s

B 12 T, ZURIRERS o BRI B 00 R #h 2%
Fig.12 Time response curve of error signal e
for different values of T

b. 2 k, AIFEIW,

HURUIE ] 13 AT AR iz s 5 T, 26
L, A HLI G P 5 il 4 DRI 22 2 TR 5 ik
FEAF ST F RN AR RAR PR | DA TE 5452 22 ik ) 722 A
T8 D% 2 (L BN B 14 5 2 L IR 1] kA8 28 TE Y IR 25 ML
ISk, X RGERZERSE RIS, 4 k,=0.01 I}, &
iR ZEWRAEA 15 A, HLR 2R Gk ol AR 2 i 24
k,=0.1 B2 HAT 2 A IR 2ERIRIUN T ok, 8K, &
Gefa A5 2 /N BT L, AT LU Sk, 1 R/ R
W /I FR G R 22 AH L B 5 2 1R 5 18 I T ) 1t £k
s 14 s,

10

de /kA
o

-10 ' : : . . !
-15 -10 -5 0 5 10 15
e/A

B 13k THEHEEEE . WIETEE

Fig.13 Phase plane diagram of error signal e

for different values of £,

0 0.01 0.02 0.03 0.04 0.05 0.06
t/s

B 14k, THBIRERS o B9 ) I 5 i 2%
Fig.14 Time response curve of error signal e

for different values of £,



£28

JHFRNE A FE T I 0 AR R S 7 EL R BT PWM Mk i 5 52 2 22 23 #r 5 A @

TR A N Eil:n

M 15 ATLLE S5 E AR LB RS
LAERSWCEI ARSI B AR —FE L M iR 22
MR R /N (FR 1L K/ LB I AR 22 | A BB AR f- b
TERR WA 2RI T U I, TR — M L=1 mH , It
I AR A 8 B UR: | LR B B IR SIGH FE AR TR R s
TR ZEHE/IN Ky AT LR R B A A N A B T
Wi o7 £ WAL 16 BT s

8

de /kA
(3]

e/ A
15 LEURREES . WETEE

Fig.15 Phase plane diagram of error signal e
for different values of L

0 0.01 0.02 0.03 0.04 0.05 0.06
t/s

16 L ZWBHRERES o YT 8 0 R #h 2k E
Fig.16 Time response curve of error signal e
or different values of L

4 fAERIE

iz JH MATLAB / Simulink 1/ B & 4t £ @ % &
PWM Jik w58 JBE 15 25 52 Wi (¥ & T 5 AH JF: 90 3 A 2%
CHIL ff ERGEH , Hh  RESHCN H M &
Up=400 V , 2 .= 10 kHz, FE X IFR] T, 43 51
0 s 6 ws M 10 ws, WIRZEHWE U, 5351 0V 48 V &
80 V, UE UL ALKy | mH, 2 il 45 R P R, P A
ZHC k, 535 0.01,0.05.,0.1.,0.5 W 5 G847 FL45 21
WE 17—19 s, Hd & 17 XH0 k,=0.1 PWM kb

v

0 0.01 0.02 0.03
t/s

B 17 T, EUMIRERES o 95 8 052 i 2 E

Fig.17 Time response curve of error signal e

0.04 0.05 0.06

for different values of T

e/A

-20 L L L L L '
0 0.01 0.02 003 0.04 005 0.06

t/s
18k, THRHREES o HORTEN 2
Fig.18 Time response curve of error signal e
for different values of £k,

0.04 0.05 0.06

t/s

B 19 L EHBIRERS o B8] I 52 i 2%
Fig.19 Time response curve of error signal e
for different values of L

B R ZE I R T, 22 AR SO0 I8 18 XS I T,=6 s b
Bl 28k, AR O 18 19 X0 k,=0.1.T,=
6 ws JEP LR L AL IE O

M 17—19 FTLVE B R G S50k AR,
TR 25 5 5 10 IF i) g 7 Y 288 10 BEE 43 BT 405 21 5 15 45
SN R S AIE 1 B S A i IE R

5 it

AR SORR A B 05 L PWM bk i 9 JB2 15 2 (1] fil
X AR TR S 015 LS R BEAT 0 A 5 ARk AL T
g T S B R A U7 HALEL I HL 51K A X
DA 0 396728 g A B 42 ) 3R 8 1 R 5 L R G
STASCHE AR BB FE AT TR AR A S S BIE A, DT
SRYGUE T B4R Hh T VR AR E PR 2 A O 1k 9 IE
BRI R

a. A SCRE PWM ok v 58 12 1 22 B2 Wi 5 | A9 0 38
ARG eh 0F I S AR S I B R S AT Tk
B M S ST

b. FIT 4t B PAT B R S T3 60 PWM Dk 5 B %
% CHIL 17 R G A AR etk R G0 R 1R 22 KA e Yoy
PrBA EEA IS R E L,

. I Al BE— A AL AE MR BRLAH R KOG
B 0y BR300 AR R S D7 L A i 8 B LA AT Y
A7 B A B,

SE k.

[1] REN W. Interfacing issues in real-time digital simulators[]].
IEEE Transactions on Power Delivery,2011,26(20):1221-1230.



€ D 8 % & L %

$£36%E

[2] BRFEVL T Bl 3, B B R B ik SR BT R G
B MEWTSE ()], W7 A S ki 4 ,2008,28(9) :45-48.

QIAN Luojiang, YE Fei,ZHONG Qidi. Interfacing between digital
and analog models and stability[J]. Electric Power Automation
Equipment, 2008 ,28(9) :45-48.

[3] BOUSCAYROL A. Different types of Hardware-in-the-loop simu-
lation for electric drives[C]//IEEE International Symposium on
Industrial Electronics,2008. ISIE 2008. [S.L.]:IEEE,2008:2146-
2151.

[4] ISUKAPATI I K,DEMERS A,LIST G F. Hardware-in-the-loop
simulation : challenges and solutions [C] // Traffic and Transpor-
tation Studies 2010. ASCE,2012:915-926.

[5] PEJOVIC P,MAKSIMOVIC D. A method of fast time-domain
simulation of networks weith switchs[J]. IEEE Power Electronics,
1994,9(4) :449-456.

[6] REN W. Accuracy evaluation of power hardware-in-the-loop simu-
lation[D]. Tallahassee,FL,USA:Florida State University,2007.

[7] DINAVAHI V,IRAVANI R,BONERT R. Design of a real-time
digital simulator for a D-STATCOM system [J]. IEEE Tran-
sactions on Industrial Electronics,2004,51(5):1001-1008.

[8] FARUQUE M O,DINAVAHI V,XU W. Algorithms for the accoun-
ting of multiple switching events in figital simulation of power-
electronic systems[J]. IEEE Transactions on Power Delivery, 2005,
20(2):1157-1167.

[9] DINAVAHI V R,IRAVANI M R,BONERT R. Real-time digital
simulation of power electronic apparatus interfaced with digital
controllers[J]. IEEE Transactions on Power Delivery,2001,16(4):
775-781.

[10] FARUQUE M O,DINAVAHI V. Hardware-in-the-loop simulation

of power electronic systems using adaptive discretization
[J]. IEEE Transactions on Industrial Electronics,2010,57
(4):1146-1158.

[11] LU B,WU X,FIGUEROA H,et al. A low-cost real-time hardware-
in-the-loop testing approach of power electronics controls [J].
IEEE Transactions on Industrial Electronics,2007,54 (2):919-
931.

[12] SR AL, B, T ik T AR 7 00 R A0E (4 R D0 8] 4 A
WIPEH IR 1)), BRI B 5 1A, 2003,20(4) :607-611.
ZHANG Jili,OU Jinping,YU Daren. Method of rule self-tuning
fuzzy control based on trajectory performance of phase plane
[J]. Control Theory & Applications,2003,20(4):607-611.

[13] THiF BRHRW] M | 45 JETRON PID /Y 7 W30 A2 8% 1 i B
ThIE AL EE R ()], A AL TR 4, 2009,29(15) :8-14.
DING Xinping,QIAN Zhaoming,CUl Bin,et al. Fuzzy PID
controller for DC-link Boost voltage in Z-source inverter [J].
Proceedings of the CSEE,2009,29(15):8-14.

[14] GRS 0 AR, T )4 g SR A IF I8 g ()], A

H 30k % ,2010,30(6) : 76-79.

HOU Shiying,XIAO Xu,XU Xi. Grid-connected inverter based

on indirect current control[]J]. Electric Power Automation Equip-

ment,2010,30(6):76-79.

OAE B, BRAE AF . 2T RE I R SR ST AR IR (T,

A3l #,2012,32(8) :5-15.

ZENG Zheng,YANG Huan,ZHAO Rongxiang,et al. Overview

of multi-functional grid-connected inverters[J]. Electric Power

Automation Equipment,2012,32(8):5-15.

—
—_
W

[}

[16] FAM, Jelf 7 5k 4%, 5 LCL U8 P A 04 5 AH I 100 305 718 25 1% 93t
WRGHME ()], W1 A a4 ,2014,34(1) :67-71.
ZHOU Lin,LONG Yanping,ZHANG Mi,et al. Analysis of low
frequency oscillation in single-phase grid-connected inverter with
LCL filter[J]. Electric Power Automation Equipment,2014,34
(1):67-71.
[17] ZE AR A WEW A1 AE G 45, Pl AR T 4 104 T2 38 7 1 e 92 30
G[J]. mITARL A MK ,2009,33(24) :70-74.
Ll  Shusen,ZHA Xiaoming,SHI = Yanhui,et al. Equipment
research on a platform and experiments scheme for power
quality[J]. Automation of Electric Power Systems,2009,33(24).
70-74.
[18] PAK L F,FARUQUE M O,XIN N,et al. A versatile cluster-
based real-time digital simulator for power engineering research
[J]. IEEE Transactions on Power Systems,2006,21(2):455-465.
W, ok B | BIOR 55 A, 0TI R U 6 ARARE ORY Y SRR 39 R
PEAHT(]]. EE AL TR 24,2008 ,28 (15) :44-48.
CHEN Min,YAO Wei,QIU Zhiyong,et al. Analysis of inverter

—
—_
=)

[}

characteristics with rectifier load using a nonlinear rectifier
model[J]. Proceedings of the CSEE,2008,28(15):44-48.
JHTE, B AN, I IR A S TR R D B A ) R e e
BT[], A E AL TR R ,2007,27(13) :104-110.

FAN Ruixiang, LUO An,TANG Jie. The research of the delay

(20

[t}

based on digital control system of resonance injection active
power filter[J]. Proceedings of the CSEE,2007,27(13):104-110.
[21] CHOI J W,SUL S K. Inverter output voltage synthesis using novel
dead time compensation[J]. IEEE Transactions on Power Elec-
tronics, 1996,11(2):221-227.
[22] Gk, DmkAR, £ R S, SEmh B 0 5 4 RTDS B H R H
[J1. ARG AF,1997,21(10):61-64.
LIANG Zhicheng,MA Xiandong, WANG Like,et al. Real-Time
Digital Simulator (RTDS) and its application[J]. Automation of
Electric Power Systems,1997,21(10) :61-64.
[23] UEDA R,SONODA T,TAKATA S. Experimental results and their
simplified analysis on instability problem in PWM inverter
induction motor drives[J]. IEEE Transactions on Industrial Appli-
cations, 1989,25(1) :86-95.
WANG B,SUN K,del ROSSO A,et al. A study on fluctuations
in electromechanical oscillation frequencies of power systems
[C] //PES General Meeting | Conference & Exposition,2014
IEEE. National Harbor,MD,USA.IEEE,2014.1-5.

(24

[

EE R,

i

FRM(1987—), B, T HiBAA H+
BER A BRI @A R AF I Sa
w45 A (E-mail ; yinchenxu@whu.edu.cn) ;
FEE(1975—), F ,inBmHFA 8
R ML EREMAE EERNFRAF LG
i FHRERAALMRT R E 5 A EE
F RS FH @GR,
F (1967 —), B, RHIRT A Hix HEHLAES
R R A @A AT EBEE AR R LR FEMEAR
1% 5 4 #2 % (E-mail : xmzha@whu.edu.cn) .

»

T



E3EE2H
2016 £ 2 A

p/o) L PSR SR UM R RAS X2 D = T3 DI ES

ME FTR O FER A K
(1. RAREXRF ©ALREFR, BT "5RE 150030;2. B RS REHA LN TG E ZLAIT A RIE 150036)

Vol.36 No.2
Feb. 2016

% 0 6 # & B

Electric Power Automation Equipment

BE, RE—FHARGH AT (TRIAOEARH TR A TAGBAWABEABAERRELEEZRBFF
L UTETRDERE TR, E NN EIE OB ERN IAIR . L ZIRBBN BHETESE A, X
Wkt Z I RN KRR EASE LT HEIEDR REFA, BAHRSELTHTRE, TRIAC
Bk i E B A FE L RS R SR AR AR L o X R DT, Ay Rt
FT 2T A RARAIG R FHTTEMER, FREREN  Z5 £e) Rt At Ak
BF AR BR A S ARAERE T RN BIHE LI LR XK ER,

KEBR. ASAR, TRE, BT, Re g, LFEL, AR

RESES. TM 41 XERARIRAD, A DOI: 10.16081/].issn.1006-6047.2016.02.015

AT AR G i o e, P R G T AR R Bl i
ABhB R E s 37750 B BB o 5
SR OU AR AR R g ) S 8 h e, E
P RS Bl O S T SRR AR R il ST S A

0 s5l&

HL ) R IO I O BAT Al A SGE Wy JC L K AE
A RO A PRI v 1 Dy T fEL 8 T 8 19 A 2800

SRHETFIRI0T ARG T HL T G fil K H A A
PR S ) R RE D' £ 3 A BRI T R o Ak
i 2R G0 L A S R v 0K s L B R e
SCRR 11 AR I A s A 280 H 2078 E L 28 e i
PP O WA (SCR) A 388 W o 2 1) 28 e 2 i 9
Wl RS IE R TAEBRC AL R AR AL i F AT,
G TR A AN LR SO A — A S L S
AR g AE b A AT R A A P R R S 1 A
SRR EE R RESR A TR, E RS i

WiE B H#.2015-04-24; 1€ = BH.2015-12-20

EETH, ZLILESRAB AR LA HALEE AR
(1252CGZH30) ;%6 R & W 5L R HAFF 52 5 -2 5 B (2013DB-
2BGO1S)

Project supported by the Preliminary Research and Cultivation
Project of Industrialization of Science and Technology Produc-
tion for Universities in Heilongjiang Province (1252CGZH30)
and Research and Development Project of Applied Technology
in Harbin(2013DB2BGO15)

fi g 9 DAL f i 7 78 T A b R RIDRE R S R
oS A — R 1 A 3h J7 X, DB R AR {H S 3
fih a5 14 £ L 7 A s gt R A 428 A g D G
TS s T 2 6 R v A1 P RS 8 B 0K [l I v il
6 U 0 A0 i S O B AT AR
ARSI T IR A SCR OGE filh % J7 58 KA 8 75 5K
% SR Sl FIAE 731 S I R PR R B 2K 4 —Fh
R I B0 S5 AR G 4 S R R ) BRI B o S g
A1 A& SCBR B ICET R BT 58 T S8 1 RIRL 1] i W]
B (TRIAC)fE R s T 3¢, R il e A aE 77 =X, 7
b R g 4k i R P TRIAC S, S8 3 20
AE BIORF BRI A 8 S g% e AR [ e B o 9 o A v
IR DI RE ; 2453 B 5¢ B s AL #7343k 58 S TRIAC
TESCEF AL f A JE AR5 M R Ak I CiB  TAE

1 BEh5RELRE
P 1 g T fih AT 28000 T P 78 s e R R TR

Analysis of PWM pulse width error and modeling of
grid-connected inverter in HIL simulation system
YIN Chenxu',LIU Bang',XIONG Xuan?,PI Yichen',SUN Jianjun',ZHA Xiaoming'
(1. School of Electrical Engineering, Wuhan University, Wuhan 430072, China;
2. Maintenance Company of State Grid Hunan Electric Power Company,Changsha 410015, China)
Abstract: The PWM pulse width error induced by the sampling section of digital simulator in HIL (Hard-
ware-In-the-Loop) simulation system may delay the switching operation of the inverter model in the digital
simulator,which impacts on the stability and accuracy of HIL system. With the close-loop control system of
grid-connected inverter as an example,the phase plane method is introduced to build the hybrid simulation
model closer to actual system for the HIL simulation system. The correctness and effectiveness of the pro-
posed modeling method and stability analysis method are verified by the simulative results.
Key words: hardware-in-the-loop; pulse width modulation; pulse width error; nonlinear element; phase
plane method; electric inverters; model buildings
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