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HIL Simulation of Smart Substation

Abstract

The development of smart substations supports the development of smart grids. Similarly,
relay protection devices and systems support the smooth operation of smart substations, so it
is very important whether the relay protection devices can operate reliably.In this thesis, HIL
hardware-in-the-loop soft real-time simulation mode was used to establish an intelligent
substation system model and tested relay protection devices and systems.The intelligent
substation HIL simulation system used Simulink power simulation library and Matlab
real-time operating system,combined with distributed real-time synchronous protocol
conversion and signal generator,simulated the real operating scenarios and real-time status of
primary electrical equipment in smart substations,test protection systems and devices related
to protection manufacturers.The simulation system used real-time hardware-in-the-loop and
simulation methods based on the open Matlab modeling platform, which reduces the cost of
selecting special real-time simulation software.It provides a way for protection manufacturers
to carry out integration tests and power grids for equipment operation and maintenance, and
provides an open and friendly platform for researchers and students.

This thesis built a 220kV smart substation model based on the above real-time
simulation system, with three three-winding transformers as the core, respectively connecting
220kV, 110kV and 66kV lines, designing 110kV line differential protection, testing and
verifying the longitudinal protection relay protection device Linked differential protection
function.

Keywords: Intelligent substation; relay protection device; hardware-in-the-loop; Matlab
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AT B DL =R IR A % 0, 20 = K ZR B BB TR, A 220kV £R A
110KV 2k % 73 5ol e 5. B AR ReL 6 g B R — A R IR i o, £ 2 % P 7P S 8 L 00 AT BB % 3
HBCE R A LU M o F i A A o AERETY BT Wt 1R AR . IR R AR
A SBHEITBANE, K3k B 2206V i Py AT 110k V 2 A i 0 & 31 ) L s
I Z TS, S BB AT THAR, A 20Kk Hh 45 R A s e vh s[RI oK
H 220KV £& i P AT 110KV 25 i P i 1Y) L IAUAT HL s B S AR Z2 45 R I AR5y
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3. 2.1 AT BT

| Bl |
AC Voltage Source (mask) (link) || AC Voltage Source (mask) (link)

Ideal sinusoidal AC Voltage source. Ideal sinusoidal AC Voltage source.

Parameters = Load Flow Parameters = Load Flow
Peak amplitude (V): |22[)‘\:1 | Peak amplitude (V): |]-_J[)‘.:§ |
Fhase (deg): |—ﬁ.=,_] | Fhase (deg): |,ﬁ|:,_ 4+120 |
Frequency (Hz): |50 | Frequency (Hz): |.=,0 |
| Sample time: |[) | Sample time: |[) |
Measurements |None - Measurements |None -
OK Cancel Help Apply 0K Cancel Help
(a) (b)

& 3.3 AL LR R

AAGER AR B, 73l B 220kV ZE % F1 110KV Ze it [+ [E] ) —AHAZ e 2 ik v,
ZAEAS IR YR B AT R B H ) RGNS ATIRAS, BRI = A A T L IR A 2
Bl HAm A ) 2 B B R S 7R SR AT W L . 31X B DA it FER A R 9], A 2A R
Huk Fei 42, $7HF “simulink library Browser” FEN Y25, i “simscape” 4R ()
BB, fEREIEK B “power systems” HL I RGEBIL, T I LS “ Specialized
Technology” , ##l “Fundamental Blocks” 3& A g5 f i HHH 1) “Electrical Sources”
Bk, HJEH “AC Voltage Source” At HE B HHE B A BIAT AR 5 X0 B YA e it
ITHCE, BN E T, 7E Paramenters 2 5 DU [H] % 22 R AK IR I U Peak
amplitude C(HLJEUE{H) . Phase (#H ). Frequency (#%) . Sample time (KA}
[B) . Measurements(l| &); 7t Load Flow(¥##yi) B [l iE ¥ swing.
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3. 2. 2 =AHET R SR B

Three—Phase Breaker (mask) (link)

Implements a three-phase circuit breaker. When the external
switching time mode is selected, a Simulink logical signal is
used to control the breaker operation.

Parameters

Initial status: |open =

Switching of:

Phase A Phase B Phase C

I Switching times (s): D [] External

| Breaker resistance Ron (Ohm): |D. 01 |
Snubber resistance Rs (Ohm): |]c[’i | B
Snubber capacitance Cs (F): |j:'|[' | :

| Measurements |None i

3.4 ZAHBT R AR AR

VE R4k ORI AT To A, AR v =R W % i S e 32 R0 = AH P LA N B A B
SEE R, BRI B SR MR AR IR ZORIMERIME R, 2B 32 28 P i
LR ZE 2 o AEARE R 2 bR 21 X AR, SO ERBUEIE, VB BUE R
FREIAT . AR ES ISR B WK 3.4, X B HH Paramenters(Z ) — AN ULIHI, T
FF Initial status(WJZEIRZAS), 8 AL B. C =M AR, SR/ UIHEE A 0, Breaker
resistance Ron (128 FEBH) ¥4 0.01(Ohm), Snubber capacitance Cs (2 HLZF) 3H inf,
Measurement 345 None. 24 220kV £ 2% P i A1 110KV 28 2% P i 1) FE 9 22 008 218 2 1E
Wrig aS st sh e, ESEPRI 4k ORI Beag b “BkiF” SoRAT .

3. 2. 3 =AHH K BRI B

Three-Phase VI Measurement (mask) (link)

Ideal three—phase voltage and current measurements.

The block can output the voltages and currents in per unit values or in
volts and amperes.

Parameters
Voltage measurement |phase—to—ground >

Use a label

Signal label (use a From block to collect this signal)

[Vabe_2201

| Voltages in pu, based on peak value of nominal phase-to-ground vol:
1 Current measurement |yes M
Use a label
Signal label (use a From block to collect this signal)

[1abe_z201

[ currents in pu

Output signals in: |Complex &~

0K Cancel Help App
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B 3.5 = AH HE s H I R
A L LA AR T R AR FH DAAE, I AR T R ZE B R AL
P, 2 T I B P e T R AN L R, R B R AR B 3.2 B E LT AR
ﬁﬁ%ﬁﬁﬁuﬂ%%%%ﬁaéﬂwoﬁ%ﬁ&ﬁ@iﬁ%%,igﬁﬁﬁwdmm
(S5 HR2E) RBEEFIX I A, 220KV 2824 W3 3 5E 4 Vabe_2201. Iabc 2201
Vabc 2202 . Tabc 2202, [A] B, 110kV £k #% P4 ¥y % & A& Vabc 1101 . Tabc 1101 .
Vabc 1102, Tabc 1102, PLIEHE.

3. 2. 4 = AR

Three—Phase Fault (mask) (link) Three—Phase Fault (mask) (link)
Implements a fault (short-circuit) between any phase and the Implements a fault (short-circuit) between any phase and the
ground. When the external switching time mode is selected, a ground. When the external switching time mode is selected, a
Simulink logical signal is used to control the fault | Simulink logical signal is used to control the fault
operation. operation.
Parameters Parameters

| Imitial status: |D Hi| Initial status: |D

|  Fault between: {  Fault between:

)
Phase A [ Phase B [ Phase € Ground Phase A Phase B Phase C Ground
Switching times (s) |:0.23 0. 4] | [ External Switching times (s): |'J[)0 310 400 410 500 510] | [ External

Fault resistance Ron (Ohw): [0.001 IE Fault resistance Ron (Ohm): [0.001 Il

Ground resistance Rg (Ohm) : |D.Dl Ground resistance Rg (Ohm) : ‘D,Dl

| |
Snubber resistance Rs (Ohm): |]e[i | | Snubber resistance Rs (Ohm): ‘]ch ‘
| |

Snubber capacitance Cs (F): |i_-|l' Snubber capacitance Cs (F): ‘\:1['
Measurements |None x| | Measurements |None =
0K Cancel Help Apply 0K Cancel Help
(a) (b)

Kl 3.6 —AHMFRALER

KIS EE N Z SR W], 78 220KV R BRI BRI M B LA L AE 110KV
LRI BE T = AR R U R G AL, Initial status(WIARIRAS) & E N 0, R, K 3.6 (a)
TN AE 220KV 2 B M) () A 12 4 6 B8 P, 7 Fault between | J7 2)i% Phase A
Ground ™ G PR AR ML R, (b) IR R B2 110kV Z& 26 0 = AH 40 2% #h i, K Fault
between 7 = AH AT A 5820 15 °] ¥ B RN AR KT B B . 7E switching time WP EL H LK
RIS E], RIKE 24 T b B B A], 78 110KV ZREREE T 2 UGB Bk h DL T (8 6] H L %E,
M NEE 100 F H MR, 722 10 0, A AESEPRak ORI e B A LBk R LR, 7E
WYERAZG, EARELSkE:, & 100 FPBEW—K, 75 00K 2745 81
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3. 2.5 =H RLC f skt

Block Parameters: Three-Phase Series RLC Load

= Block Parameters: Three-Phase Series RLC Load
Three-Phase Series RLC Load (mask) (link)

Three-Phase Series RLC Load (mask) (link)
Implements a three-phase series RLC load.

Implements a three-phase series RLC load.
Farameters Load Flow Farameters Load Flow

Configuration ‘ Y (grounded)

v‘ Load type:
Nominal phase—to-phase voltage Vn (Vrms) |220e3 ”l ‘cunstanl L ~
Nominal frequency fn (Hz): ‘50 ”l
(] Specify PQ powers for each phase
Active power P (W) : |50Eﬁ |H
Inductive reactive power QL (positive var): B
Capacitive reactive power Qc (negative var): E

Measurements |None

hd ‘

| 0K H Cancel || Help

Apply \ 0K H Cancel || Help Apply

(a) (b
3.7 AR
FEARWR SR =M A A R 2 P A, HAHREEWRE 3.7 s, &

%G Configuration (43 ) IEFE Y(ground)H P4 i Bz &8 5 20, I E A .
PR %E, 7 Load Flow T[] i%$¢ constant Z.

3.2.6 =M ER (=Z584H) #Hik

Block Parameters: T1

Three-Phase Transformer (Three Windings) (mask) (link)

*

This block implements a three-phase transformer by using three single-phase transformers.

Set the winding connection to "¥n' when you want to access the neutral point of the Wye
(for winding 1 and 3 only).

Click the Apply or the OK button after a change to the Units popup to confirm the
conversion of parameters.

Configuration Parameters Advanced

Winding 1 connection (ABC terminals)

¥

Winding 2 connection (abc-2 terminals) :

[ve

Winding 3 connection (abe-3 terminals) :

[Delta (1)

Core

Type: ‘Three single-phase transformers

[ simulate saturation

Measurements |ﬁ.11 measurements (V I Fluxes) v|

| 0K || Cancel || Help

(a)

Apply
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Block Parameters: T1 *
Three-Phase Transformer (Three Windings) (mask) (link)

This block implements a three—phase transformer by using three single-phase transformers.
Set the winding connection to "¥Yn' when you want to access the neutral point of the Wye
(for winding 1 and 3 only).

Click the Apply or the OK button after a change to the Units popup to confirm the
conversion of parameters.

Configuration Parameters Advanced

Units: |pu =

Nominal power and frequency [ Pn(VA) , fn(Hz) ] | 250e6 , 50 ]

Winding 1 parameters [ V1 Ph-Ph(Vrms) , Ri(pu) , L1{pu) ] | 220e3 , 0.002 , 0.08 ]

Winding 3 parameters [ V3 Ph-Ph(Vrms) , R3(pu) , L3{pu) ] | 63e3 , 0.002, 0.08 ]

Magnetization resistance Rm (pu) |500

|
|
Winding 2 parameters [ V2 Ph-Ph(Vems) , R2(pu) , L2(pw) 1 [[ 110e3 , 0.002 , 0.08 ] I
|
|
|

Magnetization inductance Lm (pu) |500

Saturation characteristic [ il , phil ; i2, phi2 ; ... 1 (pu) |(0.005, 1.2 : 1.0,1.4
Initial fluxes [ phiOA , phiOB , phiOC ] (pu): |[0.8 0.8 0.7

0K Cancel Help Apply
| Block Parameters: T1 *

Three-Phase Transformer (Three Windings) (mask) (link)

This block implements a three-phase transformer by using three single-phase transformers.
Set the winding connection to "Yn' when you want to access the neutral point of the Wye
| (for winding 1 and 3 only).

Click the Apply or the OK button after a change to the Units popup to confirm the
| conversion of parameters.

Configuration Parameters Advanced

[ Break Algebraic loop in discrete saturation model

| 0K Cancel Help Apply

(c)
K] 3.8 =M (Zged) itk
AR R AT R RE AR L AL O A, AR SCERE T A SR 1R R AR B AR
=2k, A3 220k V. 110kV I 66kV 2Rt , RAEFE K B AR RS0 H LA P,
TERC B TUHERE T BRI E R (Ye), F88LIE three sing-phase transformers ( =/ FAH
AR, REESHIE WL ZREART], Advanced TR A 4)ik.
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3. 2. T LREFIEIR

| Number of phases [ N 1: [3 I

| Frequency used for rlc specification (Hz): [50 I
| Resistance per unit length (Ohms/km) [ NxN matrix ] or [ r1 r0 rOm 1: ([0.045 0.383] H
Inductance per unit length (H/km) [ NaN matrix ] or [ 11 10 10m J: [[0.0009536 .0034] :

{ Capacitance per unit length (F/km) [ NxN matrix ] or

| Line length (km): [s0 B

Measurements |None

M1m

[ & & Jauna

it -&'i..

e

(b)
3.9 ZREEMith
AR =5 SCHRIE NS R A%, o GdE P 4% 80km MUZR K LA S — 2% 90km £k,
TR PR LR PR AN B S () FR 2R B AT AL, AR SR i E ] 3.9(a) s, TE
RE T U 28 K B R B2 0L Line length JETRE AT, A NTFoK . BP0 L E T
A L R I R RN ] W AR R R K 2R B AT R, SRR AR 2 B — i A
Mk, Wik 3.9(b)Fiar.

3.3 kLRI EWME

AL SCAESZ PRk B AR 5 B 2 WXH-813 75 5 28 R AR 3735 B Al WXH-803 &1 /&
LR S, WERESEH TAFRMBEESS, X255 B2 110kV 288 R4
220kV ZRERERY, N T AT HIER ARG AT TAEJREE, ARSOK DL 110k V 28 3% (1 28 B O 4 34
BEONBIHHT A b WXH-813 LI IR 3 B I a7 = AN RER - 508, X
B WXH $R 12 ML (R, JEIHEREN 813 fRIE Y RIMRID . Z K& XFHE
Bk BRI O 7R, B E R IEC61850-9-2 skt 4N, JFo< 8K H GOOSE %A,
I AT RAS R AB TR Il
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(a) (b) (c)
3.10 &R ESHRE

S EG IR B b R E B AEUE I ZIRE VO NI R BOE T, AR E
B HGUEME . TR EHRREE . ZEERRUEMR . AR AR RS 2R
IEFMEFITUEE . KEIEFMER REMA. L0 KESE 40 BINE. KA T
J7 R A 28 AR B, AT LKA e R S B AR [R5 AL, R D 21 M i
HRFENANLIT TX A1 RX 42 1 RI AT SEHL [ PRIASE S0 s 5 SCILAR B 7R i (1) EL 3688 01 5 2205
A SRR 53 A 25 PR 6 BN RLBEE ,  FERGAR I WPRE AU (1) TX A ) RX
AHEE S RGEAMIY) RX 5 0HI ) TX AH$EZ

(a) (b) (c)
K3, 11 ORAP AR A SR R
311 H () B BRI R R R, AR X B Z R B IRy DI REHEAT 18 4%,
X BB ZE S R, BB “45% 7 BPRAS, AR ORGP 8 A R HGR His 7R A
[FFF, £ GOOSE KIRH LM LR B, T ARSI A8 b B rh S T i
kA R R 77 B ()BT IR Bk
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Himr, A HE T 20E SV REHNL. BB RMEEE, R (0T FER “SV #%
o BOEARBEY 87, SV IEHRAIEAT.

PP R e

K 3.12 ——ERE

— TURAE O X Ak AR R N e 2 R SRR R AT O R, S
“—URAH” FEI 2 LR AR, 7EIX LA T Simulink H R B P RARE T “IE
B, B RS (Scope) K& F;  “ IRME” FaM 2l 2 5 HUEm “H L
87, 484 IEF Bl 5 2 SN TE R A 7R B R S 5008 DT, FEAR IR SO — K
ER B E N 6: 1,
3.4 AR EEREIE

ARV S BRI e gy, BRI e Simulink H R BEAR HL 47 BUAR A
(3 i 4 o 5 SR e AR F kTR (RS 5 PR IR 45 4 rEL ORI e B (O LR o TR 2
RIPFEE) , I TS BRI, 28 A8 H s A AR PR SR A0 A B, 1 9% 2 ) ()3
Bt 3.13 fiore

PAEABRDONAE SRR T8RS, AT RERIERN—FAE. WE
TEERP RS EH:
https://d. book118. com/445031334102011132
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