EE 459/559: Control and Applications of
Power Electronics

Lecture 5: Advanced Concepts in Control of
Power Electronics

Luis Herrera
Dept. of Electrical En?neering
University at Buftalo

Spring 2023

-[é University at Buffalo



Outline

= HVDC Overview

= Real Time Simulation and Hardware in the Loop (HIL)
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= Digital/Discrete Implementation of Controllers




High Voltage DC Transmission )
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For large power transmission, higher voltages reduce line losses: P, = I°R

Power transmission between two long distance areas losses -

A vast majority of renewables such as offshore wind farms are built long distances

away from the consumers _
-t “\J“l *CW\MW'\ k—\UhQ
In general, power transfer between two or more zones
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AC Transmission

HVDC vs HVAC

=  Foractransmission, the maximum power transfer between two areas depends on the

line inductance

= Thelosses are increased if we take into account the resistance of the ac line (larger

than dc due to skin effect)

DC Transmission

=  Does not depend on inductance for power flow, only resistance
=  Resistanceis lower than ac cables (c\oe bo s e}gw()

= ¥Need totake into account the cost of power converters
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[1] K Meah and S. Ula, “Comparative evaluation of HVDC and HVAC transmission systems,” in IEEE PES, 2007
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Point to Point HVDC (¢,

HVDCs have generally been used for point to point power transmission
Due to the high voltage stress on the power devices (> 400 kV), thyristor based HVDC

were implemented (—* iy "() o}

f — 60 Hz l) “r\amtw DC Line = 300 km \de f =50 Hz
— 500 kV ‘ Vae = 500 kV ,[\ V — 345 kV
— 5000 MVA \ — 10000 MVA

T~ %T" e

Rectlﬁer \5 *ﬂ L Inverter

. % 1
Rectifier Inverter

= Control the dc link current ~ Power transfer = Control the dc link \Wltage (slack)
= Control input: a; (firing angle) = Control input: o2 (firing angle)

Only one control variable for a thyristor based converter
«C — >
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Point to Point Waveforms

f =60 Hz DC Line = 300 km f =50 Hz
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Drawbacks of Thyristor Based HVDC

Thyristor Based HVDC

= Large harmonic distortion at the ac sides — need ac filters (increases cost)
=  We cannot control reactive power at the ac side Lds)

o Important for weak ac systems where the ac side voltage is not very stable

\_//P

Solutions:

= Voltage Source Converter (VSC) based HVDC

=  Control both active and reactive power
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Voltage Source Converter (VSC) Based HVDC

IZ‘ICH ‘Zlcb
@7 Eg S g g —— {‘.‘\/’7 (0 —
_(U

Z(l(' Vdc
V;wL Vch
) 4‘\)‘3 LYYy }g 4®
. ——
_—
jJ

= |natypical VSCinverter, the active and reactive power can be controlled

independently:

Vi cos(0)
2

Vo| = 3|~ sin(6)

V0| | 2

P=V;l;+ quq
Q=V,Is— Val,
P =Vl

Q - _leq

if frame is aligned with Vj

cos(0 — 27 /3)
—sin(f — 27/3)
NG
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cos(f + 27/3)
—sin(0 + 27/3)




VSC Based HVDC (Cogt’d)
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=  Control of I;implies control of active povx?er: P
— Vdid
o lyisused inthe inverter to control V
d de Q= —Vqu

o lgisused inthe rectifier to control the active power transmitted
=  Control of I, implies control of reactive power



Example VSC HVDC

lzbc (A)

Q (VAR)

Inverter Rectifier
de
Y YT C—— —
£ 10 Active Power Rectifier £ 10* Active Power Rectifier
) A\ N S | o
5 : o
5 i i
1.5 2 25 3
£X 10°% Reactive Power Rectifier
| i 5
0 T i - =
1 : s}
i i

time (s)

Change in Active Power

labc (A)

2 25 3
time (s)

Case 2: Change in Reactive Power
and Dc Bus Voltage
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Challengesin VSC HVDC Implementation

= Typical three level inverters

1#

o Largevoltagestress on the IGBTs - need to connectthem in series (not tr|V|aI)
o Largedv/dt implies large current distortion as well as EMI problems S
©
= Solutions: 73‘ twt\ml\\w‘ﬁ@\ \]G‘c:;u 5@ 4&
Qocint amped -
o Multilevel Converters_/ l {} {}
Vie > 500 kV =
o Modular Multilevel Converters - / } }
ST
R 1 dac, 3

5/7
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Outline

»  HVDC Overview OPA '
= Real Time Simulation and Hardware in the Loop (HIL)—C’T&F\,@OM WL

= Digital/Discrete Implementation of Controllers

RTHS
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Simulation of a model that executes at the same rate as an actua

What is Real Time Simulation?

| “wall

—

clock” time. How does it compare to offline simulation?

ﬁ

Example:

Offline Simulation ¢4 ‘>~

3/; B Wall Clock Time = Q&g\ eloce

-
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Simulation Time Step
O 7T T2 o T 3T, 47T, 5T, —_——

.. Real Time Simulation

» Wall Clock Time = Pedl Q{}Q

|
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Why Real Time?

\/\t\'t*t %\W\éﬁm
)

= Why is real-time simulation important? o A T @

/

** Provide hardware-in-the-loop functions

= Hardware-in-the-loop methodologies:

» Control Hardware-in-the-Loop (CHIL) > fc‘ e
% Validation of control strategies, e.g. “::;:o Rsp Ps. TT DSP jete.
electric machine drive speed / flux control C wd Simolbon

A Real device is connected to a virtual plant

eeeeeee

» Power Hardware-in-the-Loop (PHIL)

—_———
R/

%+ Validationof both electrical equipment and associat
control strategies

i http://ww.opalrt.com weasuement

» System-in-the-loop (SITL) @ee\ \\M %m\:}vm' (omponichon Néeone
+» Validation of communication : ‘( kﬁ— ﬁ—!
strategies, e.g. cyber security > G;:’;ay | G;f;ay
: )_. s
=<  Gateway

i
{
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Applications

=  Renewable energy resources

=  Smart grid / Microgrid

= Different types of land, sea, aerial vehicles

ol iR,

stmg of control algorithms for multilevel inverters.
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Method 1: State Space Model
(g(w\ QM{ Sablfﬂ\/\&)

=  For N switches, there will be 2N different systems of the form:

i = Az(t) + Byu(t) O woifches & = fi(t, , u)

L . N ;Lns\cjm o . N
y=Chx(t), 1€ {1, ey 2 } Sneeodels. Y = hi(t, =, u), i€ {1, ey 2 }

¥ . i
= Discretize the system and solve *
e — D

= Advantages: model can be very accurate

= Disadvantages: Large number of matricesto be stored, instability problems

1
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I
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EXp|ICIt Integratlon Methods
- ey il codben

"
e Consider a general nonlinear system: «)ceR A Enev'n T
w I = f(gj) A %(-{\ \s @ SOL&YO“;SL \
¢ ~——
(€)= %CK\ t—1T.)) NZ:
e What are some ways to approximate the solution to (X))
this ODE? \ ¢ d
Y = o dx - 0) = |de-= ‘%m & ) - >
¥ %‘M L3 %C) [ — t// t/j+T
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Explicit Integration Methods

e Consider a general nonlinear system: 4
2

i=f@) (- Ax xR

e What if the system is LTI? & = Az? W )j<0

Emwé Quhd b\ggmﬂwotw«: X(et) = Y) *Ts'gc"“”q < I —I2T5 L T, ; t+IT5 i
(does ! Presene S“Aﬂ"ma)
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;\ A e o (Ag&qm@ %\'ﬂxﬁ\‘?«) (>\f: @J e = () Kore.
X| = AXO 2 (kt“’) 4 X\-;(X‘xo
Xa = AA X \ = N(MXO\ = Ad Xo V/\/\i)\j’ c“é(A&\ \%\'IM\ Kz = ()0‘2 Xo
3 N :
Xg = =NXD L e \/\‘ _"I': ,t"‘\_ k“——-():‘xo
Yo - ];\'; < \O'B. 1;5 o t: \._: ’; 2e  \M\<\
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Explicit Integration Methods
e Consider a general nonlinear system: 4 Fla(m)

z = f(x)

f {— Ts))

e What are some different ways to approximate the
solution to this ODE?

< ] ]
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Explicit Integration Stability

= Using Forward Eulerfor a linear system, we can obtain the following: §=-3x  A=3¢o
=M, (0) =z, zeR Ne® k(€)= égefxta\
:17(‘9 = (1 + A\T)z(0) BForward Euler UOL“ X0 I flx(7))

AS KD &
x(t) = eMz(0) Actual solution

= Forthe cont.systemto be stable, the t—T,))

eigenvalue must be less than or
equal toO, i.e.

I | I T:
t—21, t—1% t t+ 1T

A

1| >

<0

v

= If cont. systemis stable, will the Forward Euler approximation always be stable?
)(‘OY(;J@A Q.Dlm (K,v/:, (H A) %o Y —®O Ay KL—*

X = (.l’f AL )Xo % a Akguz,ta g(t!\&'\em“\') \fjf. I\SS"@ gx‘f"ﬂ\b l\’f&‘\/‘d—\)

— 2
'X?/ = C\"%\ﬁ\ Xo

' n "\<l+'XT8<\ e e A< O, v=-W\ <o
X - l’rC\Tﬁ\ X o
N L '\41'\%\134\ \’)\\Ts<2. ) T‘SZ—Q—
For stability: - > % ol
AI'SCWLE' 1T l’\é\
Shoble!
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Forward Euler Example

" Use Forward Euler to discretize an inductor/resistor (oY= L2
\%Q-‘LRO )\:ijo L -
- YY)
i(k+1) = (1 - ETS> i(k)  Vowad ol g

Nopor.

o TR=10Qand L =10 glfthen T, <2 ps! - Tse = - 25— ANVNV—
r— > PRI R

(cLoy=toh RL Circuit with FE, Ts = 1 - o\
o dreutt; with FE, Ts = 1.00e-07= 0. lps - RL Circuit with FE, Ts = 3.00e-06 =31s 2 A jv‘ :
! 800 ' T T 7
8 8 600 -
400
—~ 6 I
~ <
= 200
= S
0 o
2 le
-200
0 ' 400 : : :
" 2 Bl i 12 = 0 05 1 15
ime (s) %10 Time (s) x107°
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“Implicit Integration Methods
« L >

e Consider a general nonlinear system: 4
SRS 3
i = f(z) X = 3x.xz eCarlx))
- ¥ = sinlxi)
e What are some different ways to approximate the
solution to this ODE?

Q)w.wen! Qlleaf D[QQUOK“‘W”Q"O"‘ (els  (ea)Ts
) > o e o

(_) / %€ ? els laa(ﬁ
—» ‘X(M\\ - X(u«\ > s ytx(u\ﬂ lﬂ\l“‘f&\ QomAt‘«\'om % () = Xo (M\owm\

4
= X (ew) = x{u\ + s Sl(xtu\ﬂ Umg\*cs[r MB-S—)

Sd et _tosbiveedfachns

P
<

2 o _ Sx\(\u\\‘(:(m\) thQ(X\(M“‘“ B i ‘
X (- (7’) — t:(zl:))) 3(33}* \3( q,;m(x.(uu)) I Ouoens V{ 4 o>
. Qualghich Movesieah Melteeds
L oxoa) - 246 Greaele ceor (R - (s - sk
Xelew) = 2 ¢ Ts (80 (x Gu\)) “Necotn aghson
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Implicit Integration Methods
e Consider a general nonlinear system: A
&= f(x)

e What are some different ways to approximate the
solution to this ODE?

T N ? v ?
dx _ %@q P_‘:_, el = X0 + \s (%(m,\* SLxcu\\))
ae 7y

PS Oﬂﬂ WQSO‘ ﬂavm)‘aaﬂ @S \me\icxl lv\\a.dw%m m&tm\sl n Qw\\'w\a«x G?)owmfc) Qo\w S M '&'I/‘”/J
e‘cesemz S\a\oi\f\a %’\ BV\:)E

(ontiooes gds‘w'\ s ASkule — BE ﬂeemx. is chae N Sl

< - l&x:\jm Re®™™ 2@ x00)= % wioon [inthel eanddvan.

T UT Syens e
‘ / Y " wxlun) - s Ax(m\\ = wlhe) (x-7% I\\ X(-\M\\: x(w)
Yo = Ay 4 s UM‘U“\\\ " —

-\
= a0y = t[-’_\'sﬂ\ x (e
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Method 2: Modified Nodal Analysis

Uses implicitintegration: BE,
Trapezoidal, etc.

Represent passive components as:

Represent aswitch by a resistor
in parallel witha current source.

+
+
V, — oy G, IR

Vbc L’Q\t_% —» %G E(uq - o)+ Ti_\jbu,ﬂ)
Inductor

ly,

n+1 TS n+1

: +1 41
N UL +i7 =Grvp — g7

i\e,ciﬂ bwwdmsﬂt ﬂwﬁ(@m* ‘g( WU\&’J{"O\A
Yip T

AM{W("-
o
N
+—/\/1>7/ﬁ\/7_ \W\Q\\u\' \“‘“ﬂ("“@ v
le C . v )
— | = —)
Ue
i
+ Uy - \\K\IN‘GI{QYM ({v\Q\:\ )

it s™ =1

sn+l S

JS__GS\/“ifs“*l:O

Capacitor
C C
n+1 n+1 n __ n+1 41
e Rgplc T ptc= Govy'™ — jo
S S

P. Pejovicand D. Maksimovic, “A method for fast time-domain simulation of networks and switches,” IEEE Trans. On Power
Electronics, vol. 9, no. 4, pp. 449-456, Jul.1994



Modified Nodal Analysis (cont’d)

Example of a boost converterin MNA:

Vdc_———

TABLE 1. Netlist Example

Element In End Value

rL 2 3 1 mQ [ Yi =YL
ro 4 5 1 mQ =Y, Yo +Y,
R 4 0 2Q 0 —Y,r
L 1 2 1 mH ‘ 0 0

c 5 0 2.5 mF 0 0

S1 3 0 050 \ 1 0

Sa 3 4 050

Ve 1 0 50V

0
Y.L
Yo +Ys1 + Y
0Y52

rc

vcC

—1g2
Yr+ Yo +Y.c

) ()

0 V2
0 U3
0 Uy
0 Us
0) \iae)

jsl + js?
_j52
Jo

\ Ve




Limitations of CPU based Simulation

Regular CPU based real time simulation of power electronic circuits has a minimum
time step of ~10 us which is not enough to model power converters operatingat >10

kHz

u

\ 4
For example:

Fy, =100 kHz = Ts, = 10 us

Possible Solutions:
o GPU: Typical time steps

o FPGA: Typical time steps

T, ~ lus

Ty < 1us

)

Simulation time step should be: Ts < 1 us



FPGA based Simulation

Types of power converter modeling
o Statespace methods: small on resistance, large off resistance

o Statemachine (logic) for modeling switches

o Modified nodal analysis

TV
_.b.
+ Lout
A Vy N
L Iy +
A AAA——] 1
.—-. + C — R ;vout
Ir -
—|: Vw

ENT , RDS

Tek 5toj

mmimy

—

)[-‘\\D.l))ls

Challenges with FPGA based simulation
o Complex low level programmingis needed

= Implemented on
Virtex 6 FPGA at
a time step
T.= 200 ns

= Detailed
switching
transients
possible

o No mature software is available for FPGA based implementation of numerical
integrationtechniques



Modified Nodal Analysis (cont’d)

Example of an inverterin MNA:

d {} ds {} %{} s e

L i L R = Ve b,
Ve = Vo by BT v, e

load load

= Derive the equations for each node in the circuit based on an admittance
matrix.

= The main advantage is that A matrix is constant, only terms in b (vector)
change.

Axn+l —pn — X1 —= (A)—lbn

A is constant

Ve I L R
. o whefoeiy
d' {} d {} d 3{} 3 phase RL | m



Model of the boost converter using the proposed

method:

ri | et v |t | | 7 npr | s | | s | s | o | s | | o [7)

Example: Boost Converter

e

v

Ustw arv

TR Y TR Tt

Via (1

28 V/div)

ip (2.5 A/div) 1

T L T

P
R e
100 ms/div
3 o :
- 5ovidv 8y:1.06 A QS oov 100ms/div 50.0kS/s 20.0ps/pt
& 20vidv By:500M None Auto

- 2 5Viav By:500M
@ 4 ovidw 8:1.06
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Auto  May 10,2014 21:07:52

Vi—— -IZ

Vin___
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Example: Induction Machine Drive

= |n ordertocontrolthe EV motor speed, torque, etc. A typical three phase
converter system is added to the system:

~ o o 5

________________________________________________________

= |nordertoincrease efficiency and minimizelosses, several aspects can be
improved:
v' Offline: Structural, design, factory set

v" Online: Model based control



Induction Machine Modeling

A typical direct and quadrature (dq) model for an induction motoris in the
following form:

_ _ di(t
v(t) = Ri(t) + w,.L,i(t) + L d(t)

0 0 Lls + de qu

0 0 L — Ly Lis + Lgg

0 (Liy + L) Laq Lgq
—(Lgr + Lm) 0 qu qu

FPGA: Ts<1us

¥ SS Discrete Solver Imd, Img

Compute L, L,

A

i)
dt

=-L'(R+a,L,)i(t)+ L v(t)

A

A

Wy

A

L X(t)

A 4

T =NK(O) 2= 1(0, T )

~| Polynomial fit

Look-up Table /

Laq
Ligq
Ly + Lgg
Ly

Egy
qu
digia

Llr ra qu



Example and Simulation Results

FPGA Detailed Real Time Model

Gating signals

% External Controller < Qutput ‘”g_””[""
-4 E < €.g. @, lape

e p | scope an | oo [7) ret (0 &)
f «—>
T, (48 N-m/div) 1 (500 ms/div)

Wy lztj(llp n

ﬁ/m::." w.:'s\\\ I 3
o= \"i: 1 o

B /'f/ V/'P
! v,,,v»«"/ “’“\\ " g
WA L. TN
48@/(]1» m_*w
s (32 A/div)

”1‘-5",‘,’ It

(A
\lllllulm

VT

M 'i(' {1t
w\NL o hwv’v=f»'..i

Implemented the following machine model with three phase inverter.

Ry 1.97 Q R, 2.82 Q J | 0.11 kgm?
L;, | 1023mH || L;, 8 mH D 0.01
Vabc 465 V fabc [30 70] Hz P 2
Tokmv
1.

WM#M

W il

WW#MM#

T mr%’W

ll"

F..=24 kHz

(1.3

. 1.00V A

. 1,00V

[3.00ms [500MS/5
{as+~ \ 20M paints

\ o / -00mv




Control Hardware-in-the-loop

= Controller hardware-in-the-loop: the plant is simulated with the real time
platform to test an External Control Unit (ECU)

" Advantages: f e N

o Close to real evaluation of

controlalgorithms

o Flexibility in testingall normal Vae==
operations and failure modes {} e
o Reduced product development | ﬂ}
timeandcost | T
ft ¥ Iy

* Main challenges o

o o o ating signals ‘

o Fidelity .of t!'\e real-time model , i (iutptl s.zg:.,g?zs

o Interfacingissues, speed of DAC, 3 3 « | aber Tabe
ADC, and DIO

o For high switching frequency power converters, small time steps are required— ps

to ns range




System-in-the-loop for Communication Network

System-in-the-loop based real-time simulation of communication can be used in
parallel with an actual electric power system or a RT model

Commercially available network simulators offer great flexibility in the modeling of
the network:

o Cyber attacks
o Packet losses, latency, etc.

One of the main challengesisinterfacing the real system or electrical RT model,
with the communication network, e.g.

RT-Lab Target 1 X

Physical Ethernet links (UPD —
TCP) to link the “actual system”

\\@ with the “communication

: External Server netwo rk”
! Bl | 192.168.50.2
5. 192.168.50.3

.@w\&é 192.168.50.4 De'ays ~2to 3 us

\
1
v
. 7100.51
1
21
1
=B
i
H 100.52  .100.50 — -
1
.Pl.l

Grid | Circuit
Bresker

192.168.10.103

.50.1

a;op uoned

RT-Lab Target 2

192.168.10.104

1
—l
1.55.
1
L=

=
*100.55

|||||




Power Hardware-in-the-loop

»  Flexible and reconfigurable electric power network with real-time simulation
based Power Hardware-in-the-Loop (PHIL) unit

- Simulate one or several subsystems of a mircogrid; or

- Simulate a scaled-down utility grid, and study the interaction between microgrid and the
utility grid; or

- Simulate one or more scaled-down microgrids, and study the interaction between different

microgrids
PV Panel |
Microgrid 1 PV anl
N Al
Utility @,
Py o Power
B . P Amplifier
A A r —
I = | —
» =
'é SRl ey |1|]5|
g i
Microgrid —
w Real Hard\““% Branches
PHIL based &Hidardw —
PHIL based Virtual Microgrids and the Real Hardware Branches

main utility lines.



PHIL Challenges

The “link” connecting the real system and the virtual model is defined by the
power amplifier dynamics

The complete system can be

described by the figure ~ ( Swiwea [ Ra |
Ideally Gpa(s) =1

Realistically, the PA unit adds: X HTH Grr (5) Gpa (5) GEUT(S)W
PHIL Interface
Real Time System =

o Latency- delays
o Bandwidth limitation

o External dynamics T Eauipment uncler e
These external dynamics deteriorate the fidelity of the system and can drive
an otherwise stable system to instable

 J
y

Typical specification of the power amplifier:
= 5-30kHzLargesignal bandwidth
= Slewrate52V /us

Not fast enough for load dynamics in aircraft and other types of vehicle applications.



PHIL Challenges (cont’d)

= Another challenge which arises in using power amplifiers, is finding the best
(robustness, accuracy, stability) interconnection techniques:

=  Two techniques shown are:

o ldeal transformer model: Straightforward,
good accuracy but poor stability performance

o Dampingimpedance method: Good accuracy
and stability performance but depends on
impedance z” choice.

Although only two methods are presented,
other methods exists or can be discovered to
improve accuracy, stability and robustness

Electrical
Circuit

Real Time System

AN

Vo EUT

Equipment under test

Ideal Transformer Model

Electrical
Circuit

Real Time System

EUT

Equipment under test

Damping Impedance Method



HIL Methods

= There is a need for developing multi-time-scale real time simulation systems

= Challenges of HIL methodologies are listed as follows

HIL Methodologies Challenges
Fidelity of the real-time models
CHIL Interfacing issues by ADC, DAC, and DIO
Small time step models with paralleled
FPGAs
SITL Latency in the interconnecting links

Fidelity of the real time model
PHIL Added power amplifier dynamics

Interconnection methods



Outline

HVDC Overview
Real Time Simulation and Hardware in the Loop (HIL)

Digital/Discrete Implementation of Controllers
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