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Introduction

Real-time simulation application

Hardware-In-the-Loop (HIL) test for power systems control/protection:

X

1- Algorithm Development

2- HIL test verification o

P(s) ]—'
K(s)

Digital Real-Time
Simulator

Signal Conditioning
Hardware

A4

Hardware under Test

DRTS

3- Field installation
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Statement of the problem

HIL tests are necessary for modern power system, e.g., microgrids

Real-time simulation challenges:

1- Simulating a large coupled network using small time-steps

Emerging power grids Classical power systems

coupled de-coupled

Structure of network equations

2- Accurate representation of component models especially PECs for EMT simulation

3- Floating-point arithmetic is required

UNIVERSITY OF

< TORONTO




Objectives

- Real-time simulation of large networks using small time-step (us-range)
- Precise representation of PECs
- Precise representation of EMs

- Using Universal Line Model for parallel simulation

T parallel simulation for power system application

Distribution

Transmission Generation

-Fixed hardware design

-Using standard floating-point arithmetic

RTDS
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2- FPGA-based simulation of power network

Conventional network formulation based on Modified Nodal Analysis (MNA) 4 tasks:

1- Independent source calculation

G Ag Vn+1 u:H—l
2- RLC history current calculation B 0 PR el I
. . g lus Vk
3- Subsystem history calculation -—
Y n+l n+l
Jcnode llnode

4- Solution of the equations X' =Y 'u""

node node

n+1
node

Structure of u
— prevents Prallelism
The solution of the network (4) can not be started until first three (1,2,3) tasks are done.
— prevents fixed hardware design
It depends on the network topology
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Proposed FPGA-based formulation of network equations

RMNA formulation

K,;: node incidence matrix

n+1
bs
n+l s+l o L n+l _ n+1
bﬂ,ode - lh - K‘{’ Iun,ode.* x'ﬂ,()d(—.’ — HR:"L’L‘\"A bﬂ-()de?
er— 1
88

Advantages of RMNA:

-enables fixed hardware (It does not depend on the topology)
-Parallelism
-Appropriate scheduling of tasks based on:

-Input data requirement from previous time-step

-the latency of the their modules
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xnode(pl(i))

Proposed architecture based on RMNA

Soft Processor
MicroBlaze

|
L ¥

Indegendent source
alculation

bnode

y

A

xIlO(

History current update

In

\4

‘>
(D2ei))

A
y ot

Concat

Matrix Vector

Multiplication

e

00 oo

Y

P1, P2

:
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3- Proposed Partitioning method for PEC simulation
Structure of the

PECSN discretized equations
Challenge: || T |
. : : | 5 | - HEE
Using precise two-value resistor model ! ! - L . as oo oo ol |=
| T : !f‘a’n’\ TL : ooooos : :
: : Lo T ! nng:g:nn g = :
| ! ! ssssasn o .
- s HEE
! Exiermal 5iem o PECSN . _ fdLedLe
----------------------- ! = Time-variant
@ Fixed
Partitioning method: S @ Fo———— e
. . . . . [ RS o | :
1- Finding the equivalent circuit - *.J_@W .
| |
ntlsontl ¢ 2
: G%: Vo2 I 1 | N | L :
| | v™! " Dz | °
! SR 1 [
| I N I IS Sswy S SWs
| I  —e—— | | Vo9 S
| = ______1 | . Iswl Y N e @
:________________________: ot A vozntl 4
2- Solving the equations of each PECSN +3 T 1o | ot |
vor" S SW, EESW4 1:SW(V3 vlz vll

3- Using terminal variables as sources in
solution of network equations.
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Implementation of proposed Partitioning method

step1
- - _ -
X-;md e HRA"'-LMA
n+l H ) r Soft Processor | — — — — - I
eql — eqRMN Al b?i y MicroBlaze — — 1 |
node | | | | \ VMUK
’ ) b v Matrix Vi
bﬂ—l— 1 H Independen source b | MﬁE;ﬁ;;ts; ﬁ\
L ~egm J | Lleg RM N Am | Calcul_H'_ion |
Vu, Vp : LY i Y boode —> -
> History Culirent update _\_) [ HRMNA [b}:[x} E
v _> Hegrana by °
begi >
i N PECi |—>l|’“’"”
b o4 ]
ste p2 PEC, _>Concat /
-Needs a separate hardware, PEC module = ———
L Ixs,
: @ FP Compare @ :
be ln+1 : n+l § | bconvinﬂ
- | I'ISWi(gnJr])beqinJrl - @ I'Iconvi(anrl)beqinJrl |
. [
step3 il 1 o |
Needs modifying the concat module T
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Verification of the proposed partitioning method

Scenario: Start-up

50Pro posed FPGA-based Reference LC Switch

150 : 150
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Verification of the proposed partitioning method

Scenario: Gate blocking
@t=0.1S 100f

| : il T ‘ A il 4l o | ' U | ‘: ) !
Y | _‘ I WY " Y W W W
; 501 - H A Wi _sol XY Y I sl 1Y |
| 1 : : . i . - I
' Dcmuvi / : : : \ I \ [
| ! CA00HY W W] ooV M VL
L : 0.08 . . . 16 . . . . . _

Proposed FPGA based Reference LC SW|tch

100

a
[=]

50F1-+- [+ f

AC System

ia.bcPEC‘1 (A)
o

| || ; :
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4- Proposed Electrical Machine (EM) model

Proposed Constant-Parameter-Voltage-Behind-Reactance (CPVBR) for EMs regardless of L "/L;”

Implicit stiff LMS integration method

" (a—2)a2"+ (1 —a)x" ™t = Ata f(z"T T, 0<a<],

CPVBR model interface for IM, SM, PMSM

il

Vas

:ea”c | Lg" 7 |
|
l Lo ley” I Vbs
e I I+

I
|ec” I Ves
I ( )I |

l———_4

Function of
previous time-steps

EM simulation task: calculation of voltage sources e,”, e,” and e’
-In parallel with the rest of the tasks
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Implementation of the proposed CPVBR EM model

Soft Processor _—— — — |
MicroBlaze — — ]

[T ]
\

Matrix Vector

Multiplication ||

Hegrana b,

by, & ins
History current update h & IhSW
Subsystem history I’l
foisn | |

Features of the EM module:

- It has fixed hardware and can represent
SM, PMSM and IM

(up to 2 windings on each axis)

- Each EM module require <2% of FPGA
resources |
| >
. [rs—— ' 2 )] * VAEES
- It can simulate EMs regardless of system sl SR o o T
B o : |
configuration and EM dynamic saliency | A oy i B
| |

e o —————

- It is in parallel with the rest of the modules
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Verification of the proposed CPVBR model

Proposed FPGA based CPVBR Reference
10 e AT AR AL 10F- : AR ] AN
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5-Transmission line model for parallel simulation

ULM traveling-wave transmission line model
Is) I(s)

+ | T
H(S) Iwr(s)
e Yo (O D || o
- | |

|

Inter-Hardware-Universal-Line-Model
IHULM

|
|
|
IHULM task: l
To implement H(s) and Y(s) for both ends :

|

py Ny

Ryji R
H(s) = () = Y (3 o),
=1 i=1" Jt

Ty R .
Y-::I:"’I:l = Yfl:"’l) = G[] + Z Y
i=1

5 — ay;
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Verification of IHULM module

Parallel simulation case

Represented RTDS Represented in FPGA
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6- FPGA-based real-time simulation hardware platform

ITAG MicroBlaze
Soft- Processor
"

LUT Utilization(%) '
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Independent source
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bh & ihsw r
| History current update h S Hevn
: _ _ L 2 _gModule ]WM
|

R | h
- e |
b \HegrriNA be, || ° M
PWM Module ——— -1~ 5[[|PEC Module
beony N

- 'HIIH-ULM module

|
[
| 4 I /ﬁgé
VT A 5 ben z
| N EM Module 0% o &1y
|
AXI |
"‘ -———-m
Data Stream |
Y St |
- I I ] Control Signals™ T~ T ‘1Time»step Control ';;;;
— — - — > H
- } 22 120MHz |  100MHz
Time-step Control V& T N H
"""""""""""" ° [ T RTDS [ FIFO | CITTA To & Ffom RTDS
Interface -
my-ny H
B] Fiber Optic
- i FPGA-based
160 nodes/outputs, PC running Model
Preparation Script DRTS

- 4 PECs,
- 3 EMs (IM, SM, or PMSM),
- 2.5417ps
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Timing diagram of the platform

t“

n+1
| TG:Atmin L
| |
Independent Source Module: I
B eaasanas o o 4

""""""""" >I |
T1 | |
History Current Source Module 09999:»»»»»» :
: Ty |
PEC Module ® gl :
: T3 . |
IH ULM Module + :
e :

CPVBR-based EM Module @ Nt : Processing data x

| Ts . ! Inputting data °

Matrix-Vector Mult Module W*‘*‘*‘*‘*‘*’*‘*‘*‘W Outputting data >
L >
: time Tacc !

s
Stall-free pipeline condition
71 < e,
Ty < 210,

T3 < 2(ly + 1a),

Ty <2(0 + Iz + 13),

Ts < 2(ly + 1 + 13 + 1y),
L+l + 13+ 1+ 15 = ny,

Time-step = the latency of matrix-vector multiplication module
305 clock cycle @120MHz, 2.5417us
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Case: Microgrid
Scenario:Three-phase temporary

Verification of the platform

fault

Is applied @ t=1.5s and removed @ t=1.532s

200kVA

At=2.6us
M | J O B> isokw
A\ 3E—
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50h A
> R ORI o
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W ¥ DER4
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Y o 5w T4
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IM responses

Proposed FPGA-based
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Case: Microgrid
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DERS currents(A) DER2 currents(A) DERT1 currents(A)

DER4 currents(A)

200v

DER current responses

Proposed FPGA-based
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Conclusions

-New FPGA-based real-time simulator structure and component models, PEC, EM and
IHULM were proposed, implemented and their accuracy was verified
-The structure is expandable based on two approaches:
1- Larger chip for larger coupled grids

(FPGA chips with 2X resource - Matrix vector Mult. Module with a 2X performance)

VC707
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4-Simulation of Power Electronic Converters (PECs)

Power switch models for EMT simulation

Switch on Switch off K Computatlon Accuracy
| burden
j i 1- Artificial switching loss
ADC model N % Affordable - ¢
i ) Sw S gsw Sw . . 2- Oscillation
(Common in Real-time 3 gsw | (constant admittance matrix)
| T Csw
High due to
Two-value resistor 1-variant admittance matrix Prec:
model Ron=Rongyicn Roff (large) 2-Iterative switch state rectse
(Common in offline) determination

Our work uses this in
real-time

Challenge:
Time-variant large set of equations

Ms-range time-step and 100-200 nodes
requires O(n3) ~ 8TFLOPS computation burden for on-the-fly LU factorization
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6-Transmission line model for parallel simulation

IHULM Module Design

FPMACC1

FPADD

|
FPMACC1
I - I
\ | |
FPMACC1 \ | |
Nl A o PN
| |
o @i ) FPMACCL =% | ﬁ |
——————— .\ I
Lo e/ __
\ (©) AN (b)
N S
N Convolution PUS ]
NN N
=< i
Matrix-Vector Mult >
,—>
usling
PU3 o Convolution
6 . [ i
Input Select Matrix-Vector Multl »| FPACC2
>| Input Select |76‘—+Matrix Vector MultI >
A Hy | >
>| Input Select |71—+Matrix-Vector Mult I i »
R . . d ' Convolution
eceiving end gt
=3 i
v »  BRAMs Matrix-Vector Mult >
,—P
Ly BRAMs [T
Pu4_ | ., Convolution
6 ) | im™ i
Input Select Matrix-Vector Mult[ »| FPACC2
6 .
Input Select |7’—+Matr|x-Vector Mult | »
6 ) | In) N
Input Select Matrix-Vector Mult | >
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5-Simulation of Electrical Machines (EMs)

EM models for EMT analysis

Rotor Stator Interface Computational Performance for stiff
Frame Frame technique burden systems

Objectives:
. Current reasonable oscillatory, unstable
Design a fixed-hardware FPGA-based EM module injection
for QD dq0 dq0 Compensation high accurate
_ different types Of EM (variable admittance)
- regardless of system configuration; PD abe abe direct Righ accurate
- regardless of EM parameters; (variable inductance)
. VBR dq0 abc direct high accurate
- regardless of test scenarios. (variable inductance)
CPVBR dq0 abc direct reasonable (?) depends on dynamic
saliency
Ld” = Lqg”
Ld” # Lq”
Ex. of a numerically stiff system Fx. of Region of A-stability for explict
® s-plane
PPN
. DI JS Loc "Ry
I

PMSM —e -T- C,) *
Vpe NZ /
D2 2|S

Dl, D2 > Off, /le—Req/Leq unstable results J

oscillatory results
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5-Simulation of Electrical Machines (EMs)
EM models for EMT analysis

Rotor Stator Interface Computational Performance for stiff
Frame Frame technique burden systems

Current reasonable oscillation, instability
injection
QD dq0 dq0 Compensation high accurate

(variable admittance)

PD abc abc direct high accurate
(variable inductance)

VBR dq0 abc direct high accurate
(variable inductance)
CPVBR dq0 abc direct Reasonable (?) depends on dynamic
(Constant Parameter) saliency
Ld” = Lqﬂ
Ld” # Lg”

Objective:

Devise an EM model

Ex. of a numerically stiff system

- Compatible with PEC simulation technique
and design a FPGA-based EM module

-with fixed-hardware
PMSM
- for different types of EM
- regardless of system configuration D2 le
- regardless of EM parameters (dynamic saliency) D1,D2 > off, A>-Reg/Leq

UNIVERSITY OF

=
3 TORONTO




5-Simulation of Electrical Machines (EMs)

Region of A-stability for the proposed method
Proposed CPVBR for EMs with (L,”#L,”): 2

INE RN
Implicit stiff LMS integration method 0 / 0 \ j

1 \\_ 1
) _
-1 0] 1 2 3 -1 o 1 2 3
" b (a—2)a" + (1 —a)z" ' = Ata f(2" "), 0<a<], a0 a~0.8
| -1
- s /\

CPVBR model interface for IM, SM, PMSM ’ \ . U

1

Vas

SR L, 7 4 0 1 2 i 0 1 2
JeL@-:JK%T‘—M;V—' a=0.8 a=0.99
L | |
0 |eb” Vs
= A1) | I+
|
|ec” I Ves
|

l———_4

Function of
previous time-steps

EM simulation task: calculation of voltage sources e,”, e,” and e_
-In parallel with the rest of the tasks
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5-Simulation of Electrical Machines (EMs)

CPVBR EM model

VBR

”
Vabes

€ ube .
2 L”(@) RS Labes
'II—(: :F'_W—*ﬁ‘/—{

No dynamic saliency

L, +L L+L L+L

) L _|_ g 1 reed g 5 rind g 5 rd
L (9) _ Lm ﬁ;Lm.r L + L, H+Lmd Lm .l_:‘['muf
L +L L -l—L L +L
g > md g 5 md L _|_ i i_r e
U1 cos(26) cos(26 — 37) (_:().5[25' +27)
2 3 L cos(26 — ZF) cos(260 — 3F) cos(24)

cos(20 — =)

5 cos(26) cos(26 + )
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5-Simulation of Electrical Machines (EMs)

Region of A-stability for the proposed method

Proposed CPVBR for EMs with (L,”#L,”): 2
B A TN
Implicit stiff LMS integration method 0 0 |
TN A NS
.’Il"n—l_l + ((I — Q)QIR + (1 — (1-).’1’}?1_1 = Ata f(.’]?n—i_l, ?.t'?H_l), 0<a < 1 -1 0 a=10.5 2 3 -1 0 a=01.66 2 3
G O -U C
+
. ntl
Lsd n+1 + CPVBR
Vid
+ i L

ir Proposed LMS e,” (L, e Vs
method a=L,"/L,” R L7
» S1d q I

Ld »

i+ N (o
VhLd Function of

previous time-steps
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5-Simulation of Electrical Machines (EMs)

EM fixed-hardware module design approach

Ligt rep

SM

PMSM

Single-cage IM

Double-cage IM

Generalized EM
in this work
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2- FPGA-based simulation of power network

=  Combined MNA and State-Space Formulation RLC model Transformer Model
1:
— Independent sources MY "
—  RLC Branches ; ’
g i nv;
— Transformers

— State-Space Subsystems

SS Subsystem Model

"
= 4 tasks (or 4 modules in FPGA design) \‘ N
1- Independent source calculation G A . v u:,l+1 = L -
2- RLC history current calculation B 0 in+l - Vn+1
g Vs s
3- Subsystem history calculation —_—
Y n+l n+l
xnode unode
-1

4- Solution of the equations xZ:; . = Y u,’f;, .

= Limitations for FPGA-based implementation:
— Anti-parallel pattern

The solution of the network (4) can not be started until first three (1,2,3) tasks are done.
— Prevents fixed hardware design

The structure of the nodal injection vector depends on the network topology
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Model preparation script diagram

Preparation of Intermediate Netlist

Order of Execution——»

Calculation of RMNA matrix
and Module parameters

Calculating system matrix

Independent source

Find:
(Ataasastypeaq)o’fs)

History current
source update

Find:
(cw Ch iho)

IH-ULM

Find
(Gy, anais » Dyigsy ayais, Dygs)

Relpt)lace; each I:EC SN by its terminal For each PEC For i"PEC find:
voltage/current sources .
PEC | f;?,d' ) Matrices Yeqi, Hconvi(s),
conv' HSWl(S)
and Heqrmnai

Replace each EM by its For each EM find:

EM CPVBR interface o Matrices Ce1, Ceo, De,
= 0 ADry BDr, CDra DDr,
G and Cols Cw2-

Matrix-Vector
Multiplication

Constitute admittance matrix Y
And obtain matrix Hryna

Construct system matrix

HRMNA
eqRMNAL1

HeqRMNA4
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