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Three-Phase Applications
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Diode Rectifiers

THD = 90% THD = 80%
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Single-phase rectifier Three-phase rectifier
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Diode Rectifiers

************************

Three-phase rectifier with inductive filter THD = 40%
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Three-Phase Applications

e Power Factor Correction
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— Input Filter

o—

Three-phase
PWM

Rectifier

Filter

» Sinusoidal input current and unity power factor

» Bidirectional power flow capabilities
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Circuit and control diagram
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DC-DC
Converter

Input current waveform
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Other Three-Phase Converters

AC-DC rectifier
DC-fed inverter

AC-DC-AC power converter

AC-AC power converter

=  Uninterruptible power system
= Active filters

= STATCOM

= HVDC transmission station

» DC-AC grid-interface



Three-Phase Applications: Grid-Interface Converters

§ ) I % = Wind power applications

AC |
Wind DC | AC
Turbine
Generator-side Grid-side
Converter Converter
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“E\) = Photovoltaic applications

= Energy Storage

%
3
—H
:
:
ANNNNNNN

June 25, 2018 IEEE COMPEL 2018



Three-Phase Applications
Two-Level Power Converters
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Boost Rectifier
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Buck Rectifier

Buck Inverter (VSI)
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Boost Inverter (CSI)
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Generalized Structure of a Power Converter

________________________________________

S Input Switching Output Load
OUIC® |==>\ Filter |~ | network | | Filter ||~
Controller
Feedforward Feedback

» Switching network is discontinuous and nonlinear

June 25, 2018 IEEE COMPEL 2018



Steps in Modeling Three-Phase PWM Converters

1. Switching model 3. Average model in rotating d-q frame
= Time-discontinuous v" Time-continuous
= Time-varying v Time-invariant
= Nonlinear = Nonlinear

)

)

2. Average model in stationary frame 4. Small-signal model in rotating d-q
v Time-continuous frame
= Time-varying v Time-continuous
= Nonlinear v Time-invariant
v Linear

)

June 25, 2018 IEEE COMPEL 2018 10



Outline

1. Introduction
» 2. Mathematical Framework
3. Switching Modeling and PWM
4. Average Modeling
5. Small-Signal Modeling
6. Closed-Loop Control
/. 3-Level Converters
8. Control System Synchronization
9. AC System Interactions
10. Electronic Synchronous Machine (Voltage Controlling Converter)

June 25, 2018 IEEE COMPEL 2018



Three-Phase Variables

Y-connection

Vab =Va = Vp

a

Voe = Vp = Ve

C

<
I

VC _Va

[, =1, -1,

a ca

Ly = Ly — e

[, =1, —1

ca

i +i, +i, =0
0

Vb +Vbc + Vv

ca

v, +v, +v._#0
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Vector Representations of the Three-Phase Variables

Euclid vector representations

AG)
v = v ()
Ve (8)
Euclid Space:

1 0
Uq = [0 u, = |1 Uc
0 0
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i (t)

U= |ip(¢)

ic(t))
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Change of Coordinates (abc to afy)
i +i, +i, =0 v,+v, +v, =0

This defines a 2-dimensional subspace y , perpendicular to the vector

1 1 1]' inabc-space.
1
afy -space is traditionally
defined by: .
* o -axis is chosen as
projection of the a-axis
onto y ,
e y-axis is co-linear with
vector [I 1 1]
« [-axis is defined by
right-hand rule.
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Transformation Matrix T,y /abc

The transformation matrix

|| Taﬂy/abc ||:1
L
2 2
e V3 3 C
afylabc 3 0 7 _7
L1
B

Vapy = Lapy/abc * Vabc
laBy = LaBy/abc * labc
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Example: State-Space Equations

June 25, 2018

R
L
L L
R R
iC
by = R+ L di
V= l —
dt
di b=
l
— = —L IR+ L1y
dt
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va
v = [Ub
vC
i,
Lp
Lc

_ Vm

V., cos(wt)
cos(wt — 2m/3)
cos(wt + 21 /3) |
R 0 0
0 R O
0 0 R
L 0 O]

O L O
0 0 L]
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Example: State-Space Equations

June 25, 2018

la
ib — Im
iC

.| cos(axt —120° — @)

cos(awt — @)

cos(awxt +120°—¢)

B 3.] .cos(a)t—¢)
V2 " sin(at— @)

|
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¢ = arctan ——
R
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Transformation Matrix T, /¢

A rotating vector in afy space can be a constant vector in a rotating space

p
q A
Vg D v, | | cos@ sin@ || v,
------------------ d =l .
V, | |—sind cosf | vg |
Vq 7 Vd o
. R t
Va 0 =[w(z)dr+6(0)
0

Where o is the rotating speed
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Transformation Matrix Tj;50/48y

Preserve the same third axis, that is 0-axis is the same as y-axis

v,| | cos@ sin@ 0]v,
v, |= —smé cosd O Vg
Vol | 0 0 1_ v,
Therefore
' cos® sind 0O 1
: | quO/(xﬁy |=
Ty0/ap, =| —sin6 cosd 0
-1 T
_ 0 0 1_ Toc,[)’y/dq() o qu()/a,B)/ o quO/a,b’y
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Example: Stationary and Rotating Reference Frame
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Basic Topologies

:"_""""""p _______________ :
. g | ! +
Boost Rectifier Sq S S i
L fﬁl} fox Tox v, Vie >V
Y'Y |
+@ [V | where 7, is the peak
Vs | - me .
Vea @v +® A W Te ? R value of the line-to-line
P A KFVc § input voltage
1 & 4K . i
Scm Sbn}L Scn j i _
_________________ n.o
Voltage Source Inverter (VSI)
P
s S S,
g Uk I
Vdc E vc e _LVBC =,
Vdc > Vm g_'__D i vb. i f'YY\ _L 4 Load
LV e AR
WF 0k 4 $
San Sbn Scn
n
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Basic Topologies

Vdc A
VSI/BOOST RECTIFIER DC VOLTAGE RANGE
Vm 1
CSI/BUCK RECTIFIER DC VOLTAGE RANGE V < \/g V
dc 2 m
>
o b i
Current Source Inverter (CSl) ; ﬂi ﬁ §
Sl Spp T Sep T
NE) Ve ; v !
Vie <=V ) § vy o T Load
P
LV vAi Vet
S;i Ay S;\; i | | _|_
n C

_______________________________
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Method of Modeling Switching Networks

Current bi-directional two-quadrant switch Switching Function
V A
j T 1, v =0, if switch s is closed
_____ i+ g V S =
& * v ; — 0, i = 0, if switch s is open
_______ L I

Switching Constraints

= \oltage source or capacitor cannot be shorted
= Current source or inductor cannot be open

June 25, 2018 IEEE COMPEL 2018
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Voltage-Unidirectional Three-Phase Switching Network

. . | P :
Three-Switch (Single-Pole-Double-Throw) Sp | Sp | Sop |
= Boost Rectifier & |
= \oltage Source Inverter N Va i S“
N Vi g
. o O— Ve
Allowed switching combinations: s N s s
-1 i 7 i
S, +8, =1 i€la,b,c} S :
T P g
Defining: | I -
= Voltage-unidirectional single- e v; S, |
pole-double-throw switch by “« 10 A4, RN C
= Switching functi i % %0 - OV
witching functions s . 5. |
Ve 10,
s, =8, =1-s,; iela,b,c} [
' n
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Current-Unidirectional Three-Phase Switching Network

_____________________________

Topology p o
= Three-phase terminals are voltage controlled v, i LS LS LSq i,
= DC port is current controlled % %+§ Va ,
= Six current-unidirectional, voltage-bi- vpmi ’ -
. . . V@/ i | c!
directional, switches g 4{5 gsb o |
o |
Allowed switching combinations:
i p BN
Sak TS TS =1 keip,n; 4, ,dO
Vy 0
| . v, |
= Two single-pole-triple-throw (SPTT) VB@+§ .V, g
current-unidirectional switches VCQ+§ Iv i
N !
(] 0 E
N e
n

______________________________
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Switching Model—Line Variables
Boost Rectifier/\Voltage Source Inverter

Instantaneous voltage equation

Vab
UCCL

Note that: Sap = Sa — Sp; -

June 25, 2018

_Sa B Sb-
Sb o Sc
_SC B Sa-

Vac =

_Sab i

Sbc

_Sca -

vab — va - vb; nEn
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Relationship between Line-to-Line Current and Phase Current

@ la = lap — leca

zca lp = lpc — lab
+ Co_
| @ Ly i le = lca — lbc
| 222 s

lag —lp =lgp — (lbc iab) = 2igp — (ica + ibc) = 3igp

Assuming that lap T lpc T lcqg =0
igp == (iqg —1p) Similarly iy, ==(ip —i.) iy ==(>,—1iy)
3 3 3
ldc = Saia T+ Sbib T Scic — Sa(iab o ica) + Sb (ibc o iab) T Sc(ica o ibc)

idc — iab (Sa _ Sb) T+ ibc(Sb _ Sc) T ica(Sc o Sa) — [Sab Sbc Sca] l:bc

lCCl
June 25, 2018 IEEE COMPEL 2018 | i




Switching Model — Line Variables
Boost Rectifier / Voltage Source Inverter

P Lac
l/'\ jl '_______"_-———-————I
d S ! I !
N - 1 ; | !
.lb@ Va 0 5, 1 + : Vi—1 = Sl—l Vdc i
icE Vb .O SC E <>Vdc : T i

________________ no____
Where:
Vab VUan = VUpn -Sab_ -Sa — Sb- |
Vi1 = Ubc| = |VYbn — Vcn Sl—l = SbC = Sb — SC il—l = |
Vca Ven — Van Sca S.— 3§, '
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Switching Model—Phase Variables
Boost Rectifier/\Voltage Source Inverter

! :
= i
: |
. ! I
l. S S Lo _ cT |
Ve 0 ' ldc = Oabc " labc |
: [
§ e .
—
________________ n.___._________.
Where

Va Van Sa la

Vape = |Vp| = |Vbn Sape = |Sp lape = | b

Uc Uen Sc L,
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Average Circuit Modeling

4
» Applying an average operator to the switching model: | x(z) :% j x(t)dt
t-T

. _ 1
=Switch duty cycle dyp =54, (1) = ?t :[ Tsap(r)dr
»Phase-leg duty cycle dy=dg, =1-dg,

_ 1 |
sLine-to-line duty cycle  dap =S54 (0) = P JSab(T)dT =d, —d,
(T

«KVL and KCL Zv =0 %i=0
_ di _ dv,
nl Vep =Ri v, =L —L L= CZC
Linear components R R L 7 C ”

June 25, 2018 IEEE COMPEL 2018
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Averaging of Quadratic Terms

Vab = Sab " Vdc

t

_ 1 _ _

Vab = ? jsab (T) ) Vdc(f)df ~Sab " Vde = dab Ve
t—T

. 1
If maximum-frequency components of v,;.(t) are < po

June 25, 2018 IEEE COMPEL 2018 33



Average Model of Three-Phase Boost Rectifier

+ —

vdc

June 25, 2018

IEEE COMPEL 2018

Switching Model

di)l_l 1 - 1 -
dt = 3Lvl—l 3LSl 1 Vdc
dvdc 1 —>T R Udc

-1 " l—1

ol

Average Model

diy_
dt

dvdc
dt

dl—l —

1 1 - _
A TR A
1. - 1y

= EdzT—l "li-1 — _Rg
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Another Equivalent Circuit of the Boost Rectifier

June 25, 2018

l
L ab= 3!4
‘7
AB _ : :
. dab ) vdc |
_|_
i 3L _
n bey,  ~A ? A% de
- 4 ——
v - I I
BC
d Y T T T C R
— be “dc dab ) Zab dbc ) lbc dca ) an
1 3L ' -
ca.  ~
_|_
— an
ca vdc

» Third order system due to degeneration

IEEE COMPEL 2018
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State-Space Equations in abc and dgq0 Frames—Boost Rectifier

d -Tab- 1 -ﬁAB- 1 -dab-
— |- | =— Vel ——dsy. | - D
dt _bc 3L _BC 3L bc Vac
leca vCA dca .
- - S — abc coordinates
dvg 1 tab| 5,
dtc — E [dab dbc dca] ’ Ebc — R_CC'
_lca_ —
d Iq] 1 Vg 0 —w O01|ta 1 dg]
— | |l=—1|7, | = .| ——1|d 7
77 |t 31 ﬁq C(t)) 8 8 af —37 dq Vac
o] Vo] il |Go —  dq0 coordinates
dv,. 1 il g,
g —clda da dollq| =
_lO_
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Equivalent Circuit in dg0 Frame—Boost Rectifier

: YN [
la 3L 3ol

Y

d, v,

+_
dc

3

q

e 1

dd.le d 'qu do'l_o

» The cross-coupling terms 3wLt, and 3wL1, in dq0 coordinates

d,-v, account for the voltage drops across the inductances, at line

C

S+
=

frequency, in abc coordinates (j3wLi,;,, j3wlLiy,., and j3wlLi,,)
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0-Channel

June 25, 2018

m—

ﬁAB + ﬁBC-I_ﬁCAE 0 ’170 —
Since — Ty + 1+ 14=0 I, =0
dab + dbc+dcaE 0 do =0

——

» 0-channel can be omitted

N . N
i, 3L

dO ) vdc

IEEE COMPEL 2018
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Equivalent Circuit in dg0 Frame—Boost Rectifier

i, 3ale

B F
A% —
‘ dy V. +‘—)
dc
N NY\_@— —=C §R
_ lq 3 3mLid + dd l_d dq qu
v, 47, _ _
el -ilﬁd]—l" “”H -slie] @
dt llq] ~ 3L L7 ac .
— dq coordinates
dvdc o vdc
__[ d q]

June 25, 2018 IEEE COMPEL 2018
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Equivalent Circuits in dg0 Frame

(- + — > L Ly >
[o i, 3L 3eli o . ™ +
= Va - + = ! l ] d V Vie
8 d, v, l v, + d, i, a Vi
i () - _ é vpn 1
CK " — M “d T C § R m i dq ‘_}q - §
+ i, 3L 3eli 4,5, Yd i T x i C IR
@) v — = é Y
O 7 dl] .Vd 3 Vq l - dO VO _
m _ m dq.ldc -
— ’gz\ {3 + I z >
ta 3ali Vy A~ % wCv Tl
+ q % -+ T qT Vd §R
+ i > dy Ve oCv, T K s Va é dy iy, ]c
de
D w@® | , % HONI AL \
N ——1 M 5] j
_ : - + _ _ +
d;-l I, A K o 3ali, Y, do.vo T a)Cle __V‘I q ﬁR
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Linearization )

X 5
Autonomous dynamic system: I = f(x,1)

If f Is analytic it can be expressed as Taylor series:

. L af(fo,ﬁo) R 6f(x0,u0) 1
f@&,) = f(Fo, o) + 2+ (F = %) +——Z— (@~ o) +5;
Zf(xo»uo) Zf(xo;uo) Zf(fo;uo) - =
22 (X —Xg)% + 2 PEEE (X — X)) (U —Uy) + o U —uy)?|+K
Retaining the first 3 terms results in linear approximation off
.o L (’)f(x,u) (’)f(f,ﬁ) L
@) = f (o, o) + =2 (¥ = o) + ——=—+ (@ — 1)

But the dynamic system is NOT in canonical form:

dx 6f(x0,u0) ) af(xo,uo) Of (Ro,ily) . Of (Ro, o)

- X + U+ f (R, Un) — ~ - X — — U
dt 0x ou f (X0, o) 0x 0 ou 0
x= A X B u +g¢0

June 25, 2018 IEEE COMPEL 2018 42



Linearization

df Fro — ~ro — af)(fO: ﬁ0) - - af_)(f()' ﬁO)
E=f(x,u) = f(Xo,Up) + Py (X —Xp) + P, ‘
If (%o, Uo) is an equilibrium point (X, U), and (&, ) is perturbation around it:
FRO)=0 #=F+7F d=U+i7 i-F=3
dx ) d¥ dX dx dx
dt ~ dt — dt  dt  dt
di _of (1) - 0f ) -
— = = X + = U
dt 0x (%) Ju Iz o)
~ ~ ~ ~
X=A-x+B-u
0L _dED L _0fGD
- 0xX 1(z0) ou iz

June 25, 2018
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Average Large-Signal Model—Boost Rectifier

AR A [ B
+ _ " o
I 3L 3ali ] A
v _
’ dd "_’dc
_ + 5
dc
N S - - § R
+ b ==
lq 3L 3wli d T _ T _
. + d,-i, |d,-i,
! dq ) ‘_}dc o

A steady-state operating point:

D :Q [ V.,
’ " ‘" R.D
Vd = 5 'Vm (Vm: Max line-to-line voltage) de D,
3wl
I/q = O Dq —_ Vdc Iq = O
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Small-Signal State-Space Model — Boost Rectifier

D, -V
0 w ——= — 0 1
_i ] 3L "i' ] 3L _ — O
| = 0 _2a 5 +| 0 Vac |%a| . * |2
| Ydc | Dd Dq 1 dc | Id Iq 0 30L
L C C RC L C C )
H_J — ~~ _J H_, A\ ~ J H_, |\ v J ——
X = A X + B u + D %
Intrinsic Control Disturbance
System Dynamics Input Input

June 25, 2018 IEEE COMPEL 2018
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Small-Signal Circuit Model — Boost Rectifier

M
+ F
i 3L 3ali
- D5 Y
v, d"Va N
+ ~
d.-v. Y K
- Kb D D G T Sr
d, 1, D, dq'lq Dq'iq
M «i —
+ = ’
L 3L 3a)Lid
- D v, Y
v, 1 \
—_— dq.‘Vd
June 25, 2018 IEEE COMPEL 2018
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Boost Rectifier Open-Loop Transfer Functions

&0 LI B B AL B T T LIRS B B O B Y LI B B B L T T &0
Pl anl.
[71]] O
s 20
40 RRERREE:
. 0
@ S g
p 20f- -l o =20
2 2
= =
g 0 g -4
> :
S -100 g w0
s =
g BTTY SN £ 150}
200 f 100 -
-250 L S0
-300 L M i M i i i ia L L e
10° 10' 10° 10° 10 10° 10° 10 10° 10° 10° 10°
Frequency (rad/sec) Freguency (rad/sec)
/ . . . . . 1 K' * (S + Z' )
iy Kigga S+ Zigq01) (S + Zigaq2) Ly iddq iddq

~~

A, (s+p)(s+py)(s+p3) d, (s+p)-(s+py)(s+ps)
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Boost Rectifier Open-Loop Transfer Functions

Vae  Kogeas S+ 2Zeqa1) (S + Zygeaqq 2) (S — Zpup )

~~
%
dg (s+p)-(s+py)-(s+p,)

80 60 —

b 40 \
60 B tin \

\ 20 \\
40 N N

\\ 0 N
\\\ \\
20 ~~ 20 B
T
0 -40
200 200
=~ ~.."\

150 \ 100 ~ 4
100 '\' \

\ 0
. N N

-100 -
0 N =TT
-50 -200
1 10 100 1000 10000 100000 1 10 100 1000 10000 100000

Vie decdq '(S+Zvdcdq1)'(S_ZRHP)

. (s+p1)-(s+py)-(s+p3)
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Poles of Boost Rectifier

Imaginary

800

600

400

200

2001

R AL R S S

w N T A S

-800

,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,

| | | |
0 <x>4><>@xxx»@?ooo@»«xxx}xmxmxxd‘(xxfmfmwxmfx $‘<7>¢77777% 7777777 : 77777777 !

Pole map for—1 <Dd <1 and -1 <Dqg < 1 and:

3
de\g.ﬁ-zm w=60-27 L=1mH
V. =0 R=10Q C=2.5mF

June 25, 2018
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Often choose: Iy, = 1. =1, = 1}, = 1

June 25, 2018

Digital Delay

Sampling &

Modulator Computational

|
1 ——=o78d [-——~| BoOST
RECTIFIER | i

i
SMALL-SIG. | I

~ _ q
dref_;.equjl_. MODEL |, | T !

Simplified approximations in continuous time domain:

15 del _|_(STdel)2

oS Tdel 2 12
~ 2
14 5 der +(5Tdez)
2 12
ampling = Tswitching Total digital delay =~ 2-T

witching

IEEE COMPEL 2018
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AC Sweep in Switching Model Simulation (PLECS)

r -
++ BuckOpenloop [ o | &= ﬂ_hj
File Edit VMiew Simulation Format  Window  Help
Open-oop transfer functions of a budk converter
using AC Sweep and Impulse Response Analysis Tools
]
| W
15/28 @ m s 1 Scope
m m'
i, L: 50e-5 =
WM THT A" {:.I
Vo
FET . *
v:28 () AN csoves == (V)H R:3 H r(1
v
||
@ Update available
r ] i |
[E Control to Qutput TF (AC Sweep) SHECH X -+t Analysis Tools: BuckOpenloop @
File Edit View Window Help
n O B = Analysis type: AC Sweep
coQ@o ¥ = @ Analyses
Magnitude Steady State Analysis Desoiption:  Control to Qutput TF (AC Sweep)
50- Steady-State Anzhysis
g Control to Qutput TF (AC Sweep) Setup | Options | Steady-State Options |
= AC Swesp
Ef | Contral to Output TF {(Impulse Response) | | System period: le-5
% 0 Impulse Response Anzhysis
= Qutput Impedance (AC Sweep) Frequency range:  [100 50e3]
AC Swesp iitud
Output Impedance (Impulse Response) Amplitude: 1e-3
Impulse Responss Ans
puss sspanss AnslvEs Perturbation: [m' v]
Response: [vu' - ]

Show results

E] Show log Start analysis Accept Revert
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Measurement Set-up

Vv o—@——O ~Y Y Switching

Network

Va® * < Y= 3 — Phase -L

dd_ref ™ tf'id_dd

q_ref - lfiq_dq

Yy J Y l
oav
' S
=5
> T =
l N

da’_ref_> tjfiq_dd — lq

dq_ref_’ t]pid_dq — ld

Output signal

Network Analyzer

Test signal 1 T

Test signal 2

http://www.keysight.com/en/pdx-x201771-pn-E5061B/ena-series-network-analyzer?cc=GB&lc=eng
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Software Frequency Response Analyser Tool

TR

A 4
Small Signal Frequency Injection
] y
.
= Ref

Synchronous buck

Power Stage
[ i et =t e e o |
SFRA_INJECT:n: Vln I I Vout

PWMDRY _1ch:n: . r |

Duty_pu_DC in out PWNMnA [orvlE by Buck :
|

l I

|

]

ADCDRV 1ch:n:

o N . ADC Chix

SFRA COLLECT:n:

https://pixabay.com/en/photos/laptop/ _:]: Cnt_out
http://www.ti.com/tool/SFRA#3 feedback
https://www.youtube.com/watch?v=8z8PpZdYh7U

https://store.ti.com/LAUNCHXL-F28379D-C2000-Delfino-MCUs-F28379D-LaunchPad-Development-Kit-P50584.aspx?HQS=ecm-tistore-promo-janlaunchpad-
null-store-LAUNCHXL-F28379D-wwe
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Current Loop C

June 25, 2018

esign—Boost Rectifier
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Digital Control Interface
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v dC . \ > H
Laref i
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Control-to-Current Transfer Function
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Control-to-Current Transfer Function
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Current Loop Gain
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60 \\\\ __________________________________________________________________________________
E ~‘\ i + - —m <>T
3 40 s L 3L 3al
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% I | M
E 0 I i + - > WT B _
TN ; t, 3L | 3eli, d,-i, Yd, i
Iy 5 B ' 7 g
-20 P9 dq "V
S m———————— —  — da_d
0 ] td v qu T T
50 prantiiN Digital Control Interface
LT . re re
_-100 — iy ddf dqf
e Vyer + +
-150 ref \V4
2 N a y /\ f id
8 200 — i
o \ dref i;}
-250 ’ -
-300 \ Ve —O—. H
\ ' + iq
-350 Iqref
0.1 1 10 100 1000 10000 100000
Frequency [HZz]

= D channel loop-gain
= Bandwidth is limited by delay (f,,=20kHz)
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Current Loop Gain
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= Q channel loop-gain
= Bandwidth is limited by delay (f,,=20kHz)
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Current Regulation
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» Peak is more pronounced when gain increases
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Current Loop with D and Q Decoupling

Jref
V_r+ + a7+
o H % . ” ]{id ‘ dcll:ef
— ! dref —
v’ s
@ L g 3wl/v’,,
i 30l
_|_
) H — > > d ref
Loref  + iq d ;ef N q

A

dy = d:lefe_STd = (d:lef + 3a)Li£I/v&C) e~STd = d, + 3a)L#e_STdi£I

Vac

ref — jre 2 — 3 1 :
=d'eTa = (a7 +3wLi, v}, ) e™Ta = d, — 3wl —e~T4i!
q da/Vdc q o d
c
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Decoupled D and Q Channels

~(
" —* | dV. —3wli =d.v, +30L 2% ¢ _30LT
i 3 d"Vdc q d"Vdc , q q
_‘_}
d ~ . + _
A Ve v,
—C <R
i N — _ _
iq RYS ] dd'id dq’lq
; | _
q -
dq'VdC > B
- | dv, +3wli, = dv Vi —30L—% e +30Li,
vdc
~(

= Similar to two parallel dc-dc boost converters after d and q decoupled

June 25, 2018 IEEE COMPEL 2018

62



Output Voltage Loop Design
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Compensator Design

Outer loop-gain

T~

June 25, 2018

K, (1 + ZS—v)
~s(1+5s/py)

= Place z, as high as possible for required phase
margin
= Place p, for loop-gain attenuation

=\/oltage compensator: H,

= Attainable voltage-loop bandwidth: w, < iZRHp

»p, should be close to RHP zero to provide
sufficient gain margin and loop gain attenuation
beyond crossover frequency

»With high enough K, the dominant pole of closed-
loop system will be close to z,
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Time-Domain Simulation Results

PHASE VOLTAGES AND CURRENTS
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Control Design of Voltage Source Inverter
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ErY Signal sensing anq digital

[ control delays are included
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Control-to-Current Transfer Function
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Control-to-Current Cross Transfer Functions

id/dq
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Current Loop Gain
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Current Regulation
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AC Voltage Loop
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Current Reference-to-Voltage Transfer Function
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Improving Voltage Source
DQ-Frame Decoupled Controller for VSI
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Experimental D-Q Frame Impedance

June 25, 2018
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Software Frequency Response Analyzer—STATCOM
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STATCOM Controller
5 A3
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STATCOM OQOuter Loop-Gains

dc voltage loop gain
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Software Frequency Response Analyzer—Boost Rectifier
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Q-Axis Control-to-Current Loop-Gain

Bode Diagram
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Outline

1. Introduction
2. Mathematical Framework
3. Switching Modeling and PWM
4. Average Modeling
5. Small-Signal Modeling
6. Closed-Loop Control
» 7. 3-Level Converters
8. Control System Synchronization
9. AC System Interactions
10. Electronic Synchronous Machine (Voltage Controlling Converter)
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Vienna (Type) Rectifier Topology Used

June 25, 2018

AC  Boost Main - Neutral D C.B
Mains - Inductors : Bridge : Point Switch ;= 0
: : : : ® tVy
. — +Vp
—e
: « -9 V
—” i
. ——+Vn
A 2 A
°

Three-level non-regenerative rectifier

Developed originally as front-end for power supplies

Has good power density characteristics
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Space Vectors and Duty Cycles

[-1+1-1] [0+i—1] [+1+1-1]

[F1-1+1] lo-1+1] [+1-1+1]

Twenty five total space vectors
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Space Vectors and Duty Cycles

,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,

777777777777777777777777777777777777777777777777777777

il || iy “‘
o mulH\H”“ |\||Hlm _____ \H||| | ‘“ ‘ Hl“
\
ol L ||‘ ’n : il
|

I \|U||||ﬂ|!||||||||||||“||||||\i||\|||“|(‘ |

,,,,,,,,,,,,,,,

I Il

,,,,,,,,,,,,,,,

********************************************************

Twenty five total space vectors
Eight vectors active at a time, one double vector
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Circuit-Oriented Modeling Approach

S
RS Vg _[VP;’ sign(i, )+ V”;V”’] (1-5,)
| —_— "
_______________________ I
A R iy
%vm : i%k;ﬁl =S )i -[(1 £ sign(i, ))]—%idc
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Switching-Transfer-Function Based Modeling

S,.S, €410}

prnT
June 25, 2018

— -I-uﬁ

Vi

Veo = Hj—- n""Hk‘ p2 -

H, +1 H, -1
VkO:Hk 2 vp_Hk 2 Vn
Vko — Skpvp Sknvn

Phase-leg model is equivalent to three-level NPC converter

Assumption:
Switching functions S,, comply with topological restrictions
of Vienna-type rectifiers
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Switching and Average Models in abc-Coordinates
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Average Model in D-Q Frame

June 25, 2018
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D & Q Axes Current-Control Loop-Gains
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Neutral-Point Loop-Gain and Output Impedance
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Outline

1. Introduction
2. Mathematical Framework
3. Switching Modeling and PWM
4. Average Modeling
5. Small-Signal Modeling
6. Closed-Loop Control
/. 3-Level Converters
» 8. Control System Synchronization
9. AC System Interactions
10. Electronic Synchronous Machine (Voltage Controlling Converter)
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Phase-Locked Loop (PLL) Controller Synchronization

f Power Stage ! o D
L A5 4 &4
.
) S LYY Ve —||—| I-
Vb
Ve
O | =
06‘
o e 4@
VIV, L|12. _
N e —— /
| A 4 l; d; d,
: T . 3 dq frame | . T dy |\
! ...... i)qu lq; Controller dq d:al')c d. .|,5
| 0 T 49 ! Ve
I ‘
| N LN PLL| | |
i S ’I;deq ch\ P[ (ON l 0 g |
: S| DigitaliController |

[ . — .:"'—"""."—""":"—"""."'—""'2"—""".'"—"""."'—'"" :: — " — e — e — e

» PLL finds the angle of the voltage source, so that controller can control the
variables in correct dq frame

= Controller commands need to be transferred back to abc frame with correct angle
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Synchronous D-Q Frame PLL
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Average model of power

______________________

: . ld s . ﬁ 3L stage in system dq frame
i T ,\, \/ s Vd dd
- > c —
N v 3wl Ldc
| ’\’ > — +
= C Vde
? PN AR RO L
—L—o 4 D—rryrr —s—s | =s—=s
+ ,\’ \/ lddd lqdq
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‘\’ Vq K K "’ N5 7%
_ Vde dq K
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R ld d d
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i S| X0 g 5| Controller 7 ;AG g5 |
I AH’\’ 1 N\ |
, L vy |
T, [ 5 |
i S Lao 7' pr O] 1 Digital Controller
o (KA. PLL dynamics _ !

*Two dqg frames: system dq frame and controller dq frame
*PLL dynamics influence input impedance of AFE
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Under steady-state

two vectors are
aligned

Under perturbation
two vectors are not

{

aligned
cos(Af) sin(AB)
—sin(A@) cos(A0)

|
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Small-Signal Model of AFE Impedance

Y, :input admittance
G ,, : transfer function
matrix from d° to 7,

G ,, : transfer function
matrix from 7° to ¥,
G ,, : transfer function

: 2 g 3
matrix from (s to i;
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AFE Input Impedance Measurement Results

June 25, 2018
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Output Impedance of Grid-Tied Inverter

"\;S
] -I’)} -IG g
G ] r{:rcwzrc;_w o _Va O— = A ?
Vie | 111 i, 5 v Vil
— — | i - N @_0_“, !
v L é Ve o ]
4@ {1} {% Filter Filter ;
T T T T T T W A 4 "N —
=" Dsp line-to- N ’lT“s
SVM +yx Ll phase transf LA B
/ f +yet TS
il 0 abc 9 \) §' \ g
da d,B dq < MLIL ‘,\;S
il lia: R
9, afs ; dg l.dref =
dg | d, | Controller [gref ’
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Inverter Impedance with PLL and Current Control

c ::’S l
d + Gdel d y G +> L
id
n -
~S
a v |
GPLL'e Kv I ’ . Zolt
system d-q K,
K. .
domain
+
\—> G 5.
converter d-q g Te
. L
domain
G, =
_|_ - lL_ref =0
b4 _|_
&G, &
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Inverter Impedance with PLL and Current Control

N
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(dB)

©
===

Phase
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(deg)
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Outline

1. Introduction
2. Mathematical Framework
3. Switching Modeling and PWM
4. Average Modeling
5. Small-Signal Modeling
6. Closed-Loop Control
/. 3-Level Converters
8. Control System Synchronization
» 9. AC System Interactions
10. Electronic Synchronous Machine (Voltage Controlling Converter)
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Balanced Three-Phase AC System Small-Signal Stability Analysis

Impedance based small-signal analysis for AC system ?
>

200

Votlage [V]
[l
= &

ek
S
=

-
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D vS C

A

MM

=

0.02 0.03

Time [sec]

0.05

Load 1

Load 2

Source

Load n

250 Ve,

'500 0.01 0.02 0.03 0.04
Time [sec]

Synchronous rotating frame
» Standard small-signal

analysis can be applied,
like in DC systems
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Stability at AC Interfaces

Notional hybrid ac/dc microgrid subsystem

IIE\IIII end [%
N RN Energy [
HEE B Storage |
1l e 7
G

ESC

1- AC bus stability depends on
output and input impedances

ac Load

2- Stability must be ensured at
every interface in the system

dc Load

IBC — Intermediate Bus Converter PVC - PV Converter

MD — Motor Drive ESC - Energy Storage Converter
POL - Point of Load Converter
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Balanced Three-Phase AC System Small-Signal Stability Analysis—
Linearization

2345
2000353,
7122 -
Z40)-24 -
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Balanced Three-Phase AC System Small-Signal Stability—
Generalized Nyquist Criterion

Source " Load

-{J_ ' : 3 ﬁ)haracteristic Loci
Vsd Té? : A, (jo) A4 (Jo)
o, O DT
vsq+ TI ; | }

-ZS-(;).I:@L (s)
Return ratio is:

Imaginary
A N O N A

z. Z. (v, v,
L(S)=Zs(s)-YL(s):{de Zd"HYdd Y"d} 10 2 4 6 8 10

qds qqs dds dds

Generalized Nyquist Criterion (GNC)

Lyi(s)  Lyp(s)
L(S):L;(S) LZ(S)} - Eigenvalues of L(s) = 11(s), 4,(s)
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Balanced Three-Phase AC System Small-Signal Stability—
Generalized Nyquist Criterion

Source ' Load

|
> T 17 + ;.
LTI - vd
11 >
1 | 8
@ l @ <?> <f T [] g Vq
Vsq O T OF D -
— — 600
ZS(;).H-{{L(S) "GC_J‘ 400
Return ratio is: =
8 200
/ / Y Y
L(s)=Z (s)-Y(s):{ o d‘”]{ dds dds} 0O 01_02 03 04
’ ’ qus qus Ydds )/dds Tlme [S]

Generalized Nyquist Criterion (GNC)

Li1(s)  Lia(s)
L(S):L;(S) LZ(S)} - Eigenvalues of L(s) = 11(s), 4,(s)
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Selected Types of System-Level Dynamic Interactions: Constant Power Load

Notional hybrid ac/dc microgrid subsystem

PV Grid
i wnu E ﬁ”\
nergy ™
T RN
AN R Sto rage

ESCIE

El. Motor
FHH— )
{ -

ot P

ac Load

dc Load

dc distr.

Seq
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Selected Types of System-Level Dynamic Interactions: Constant Power Load

Notional hybrid ac/dc microgrid subsystem

PV Grid
VR nen 2 fﬁf\
nergy [~
1N N
AN R Sto rage

ESCIE
Y,

ac Load

dc Load

dc distr.
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Selected Types of System-Level Dynamic Interactions: Synchronization
(with power regeneration)

Interaction caused by the Va

Notional hybrid ac/dc microgrid subsystem phase-locked loop (PLL) 1 Ve
PV Grid w.=120m ]
wEE NEE

— <\ abc
Energy :]\ I P

i Storage
Z pyc
40 gt ]
Z 20
& Op i et
PVC —— Z 0
= =207 messrem Incremental |
180 Negative Resistor
SR in gg-impedance %
ac Load ® 0 channel BRI R
g = &~ )
1800 R I ]
dc Load 40 ——— . e : : -
POL 2
dc distr. 180—
50
2 ; _
-1 80 : e IR ::", SRR
10! 107 10° 10*
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Selected Types of System-Level Dynamic Interactions: Synchronization
(with power regeneration)

Notional hybrid ac/dc microgrid subsystem 1o ‘ 4 Nyaquist plot of the return
PV Grid - Y ration eigenvalues
ner < R ‘,
e Stora%){a — FERIV e (NN V(S) O }:eig(ZsYL)
1 P ‘L‘“‘ 7 £.05 \ el 0 4, (s)
Pve|™ esc[” )
Lpye —44

El. Motgr

T

ac Load
ac-bus voltage

—

dc Load

PVC PLL
frequency

MD
ESC PLL

dc distr. frequency

ESC startsT 1.5 Hz oscillation' '

VSI Phase A
Current
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Selected Types of System-Level Dynamic Interactions: Aggregate Load Uncertainty

Notional hybrid ac/dc microgrid subsystem

PV Grid IBC loop gain
ULV = — T
| ey ]

WA NN Storage s
Y e 3
Esc|; g2

A
o

o

Phase (deg)
© A
o (@)]
%
%2 i
1 / | | 1 | 1

ac Load

-135

dc Load 180 F

225 L

il L L L | I S | I L I R S S
102 10° 10*
Frequency (Hz)

dc distr.
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Instability in Traditional System Caused by Partial Loss of Generation

os | Load |
2@ | 89 : . Total
ota
M 3€_|_® PLoad < PGenl T PGen2

Gen 2. Gen 3. =180 MW =370 MW
(192 MVA) I.:- (128 MVA)
5 — — 6
Large transient causes overall
W E system instability due to

C C undamped power oscillations

: (:)—I—} bet G tors 1 and 3.

(240 GW Installed Capacity) £_ SEen Sene o - on
Genl. 1 4
(247.5 MVA) Active and Reactive Power at the bus No.4
What if Generator at the during loss of generation transient
bus 1 is replaced with the 120- .

full-power grid interface i I
converter operating as a

virtual generator?

@)
., O

Power [MW, Mvar]
AN
o

o

- PVFarm 5 10 15 20 25 30

Time [s]
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Outline

1. Introduction

2. Mathematical Framework
3. Switching Modeling and PWM
4. Average Modeling

5. Small-Signal Modeling
6. Closed-Loop Control

/. 3-Level Converters

8. Control System Synchronization

9. AC System Interactions

» 10. Electronic Synchronous Machine (Voltage Controlling Converter)
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Average Model of a Power Electronics Converter
- Voltage Source Converter (VSC)-

June 25, 2018

PV
| /] ]
| /| =

-

DC-DC

O
= —

<y

Power Vdc
Electronics
Converter

O>

[e oo

ESEN ﬂf}é

3 ]

2%

T rrfrtd

Modulation -«

1/s

A

Pl

d] d,

{i abc
4 dq
A
PLL

dq Transformation

Vdc

Ig’c

I
4 Gﬁ] :

—C

A
P

Dynamic (average)
power converter model

All-Electrical system
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Model of a Synchronous Generator - Salient-pole Rotor (Anisotropic) -

Boiler  High-, Medium-, and Low-Pressure Turbines

— Total Moment of Inertia
valve J
T, \/ | Stator —
[@ HP || MP | LP | Rotor -field & damper wind. | |
/'_\_—_
/\ | Stator -‘-VF
: Damper VF Iy
Field winding  Windings rr Stator windings
. Lr , (AC out.)
dO D in AN
J—=T,-T,—k,Q
dt
Lp
Mech.input y Q= p
T, Ya
— T
Mechanical
subsystem LQ
June 25, 2018 Va IEEE COMPEL 2018
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Model of a Synchronous Generator - Salient-pole Rotor (Anisotropic) -

Boiler  High-, Medium-, and Low-Pressure Turbines

— Total Moment of Inertia
valve J
Tm \/ I Stator +I
[@ HP || MP | LP | Rotor -field & damper wind. | |
/'_\_—_
/\ | Stator -‘-VF
Electrical

subsystem can
be combined
and “coupled”
to an electrical
equivalent of
the mechanical
subsystem...
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Supplementary slide

The machine equations can be rewritten into the following form, defining flux
derivatives per rotor position rather than time (the main reason for this reformatting is

to factor out the term dependent on the angular speed):

| dy, d6, | d | d
Vg ="l —0OY, + dlgd iz =l oy, + Va o, =—ri; +Qp( d'gd -y¥,)
dy, do dy dy
v =—ri toy,+———=—ri +toy,+—w, =-ri +Q L+
q s7q el//d d@e dt s7q el//d dee e s7q p(dee l)yd)

. [dy,
WQ_p d@e +Wd

June 25, 2018 IEEE COMPEL 2018
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Supplementary slide

Furthermore, active power at the machine terminals comprises following
components: joules losses, rate of change of the energy accumulated in the
magnetic field, and mechanical power converted to electrical:

0 cdy, . dy . . o
qu:(lj"'l;)"”s"'ld dtd +1, dtq +o,(yi, —v i) = (i +lq2)-rs +P,,,

Assuming lossless electromechanical conversion from rotor to stator, all of the
power (except joules losses) is delivered from the rotor (P,,,). Lumping this power
into the form of an “equivalent” torque, it could be written:

. P d
Al :l id de 4+ Y,
dt 7 dt

+6(Wd1q _‘//qld) =Ly, Ty,
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Model of a Synchronous Generator - Salient-pole Rotor (Anisotropic) -

Boiler  High-, Medium-, and Low-Pressure Turbines
— Total Moment of Inertia
valve J
T, \/ i Stator —4—a
[@ HP MP | LP | Rotor - field & damper wind. | |
/'_\_—_

Field winding  Windings
Q

T,
Ol IRE

... and
self- synchronization

w, Is p times
higher than Q

June 25, 2018

/\ | Stator

v, (s)=—L,(s)i, +G(s) v,
v, (5) =L, (),

Tor

Flux
relationships
added...

IEEE COMPEL 2018

119



Electronic Synchronous Machine

JE SRR
SR

<
&
I

Power

Converter

...'.._ Electronics ‘ o{]f)l} o{]f]} °'“f’}

ttrttt

000

All that needs to be done
to emulate a simple
synchronous machine!

~ Modulation
O d] d,
I/S
(11 3
C
Jd—QzT T -k, Q —(S)
dt m e f K
Vdc ]:dc
Is dd id
QLIRS
C d:;;ic = ]s _[dc - Gvdc

D ——

However, for emulation of d
. d
the particular synchronous
machine: #4~——

June 25, 2018

Desired machine dynamics ~—
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Supplementary slide

June 25, 2018

L,(s), L(s), and G(s) describe
well an electrical dynamics of
a synchronous machine

including:
» Field Winding
30 kW Synchronous = Saliency
Generator = Damper Windings

w,(s8)=—L,(s)i,+G(s) v,

. Measured point-by-point*
v, (s)=—L,(s)-1, \

Curve-fitted transfer function

Additionally, mechanical dynamics estimated from
two slow-down tests (in order to solve for k,and J ):

J=0.32 [kg-m?]

N
o
o

e N ke=0.01 [kg-m?/s]
3 N\ _

& 100 ~ Q = po,
G 50 N T,

\
| — kf J= Te
2 4 6 8 10
Time [s]

\

Phase [deg] Magnitude [dB]

Phase [deg] Magnitude [dB] Phase [deg] Magnitude [dB]

25
-30f ~

35 X Q\""ﬂ%&
4039 [mH] ,
45 .
-50%@4—%4%‘
-55 : '

O.

SO\D

-60
-30
-351 K - ]D ;
40} D
45/ L (j a))oa

-30¢

-20

X
40016 [s]
G

-60
-80

-90

DDDDDDD

30

0

0

457

O (e
45} ™

e

EETTIn

10* 102 10° 102

Frequency [HZ]

*|IEEE guide for standstill frequency response (SSFR) testing - Std.115A-1987  IEEE COMPEL 2018
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Virtual Inertia

O DC'AC .
DC T 600 HF L;=250 },lH L,=250 ].,lH LL RL ARL
Power Vel — —m AN AN ”“:%
Supply \ Power 1171 © Wy
o} Electronics \AAJ T
, +vcclzizl‘l,tal Converter 35“1:; wvczzb—'_vlgc—i_vcza ow
o e g C(s) 1,
30 kW Voltage Source ) desired } 0 0 Y @“Vref
Converter (VSC) e Tageabe—* 2 Tape. dg H,
KL gh ia i, vr
‘,4» C()e V ggsired L ) J y
C(s) = R, 1, /V, —(1+sR,C) 1/s 0. pcial | Wa(s), Wy (s), L, L;
RDIdc / Vdc — (1 + SRD Cdesired)
Inducti S h O—M ARL
Motor — Induction ynch. v
Drive — Motor Generator o_rwv\_W: ““'%
vy T
A\ VabtVietVia sw
VF } + V
30 kW Synchronous Vs
Generator H,
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Virtual Inertia (cont'd)

Gen
Motor — Induction Synch. —0 Zo PDC
Drive — Motor Generator 341 ower
Supply
\AAJ
J=0.32 [kg'm?] v Vo rof
C* =80mF
Output Impedance plots
.20 15, :
m Zd
q
= 10 10}
% 0
= -107 3 ‘
= 90 | |
o 1801
S, 45
T O {150
S 5
~ 0
T -5—
=10
o135
() 90+t
©
= 45 0 -
c
07_
o .90
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Frequency [HZ]

J
102

100 102
Frequency [HZ]

DC-AC

T 600 uF _L,]:YZEO uH L,=250 uH . Zcon
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| Power 11T
—o Electronics TIT _ wzw _—

-y ol | Somverer 35pF Wab+Vbe+Vea
C(s) Modulation Aok Vo_ref

$vgesired 0 9 AAAJ

‘ Tag/ave [+ e Taperdg)

II/K'CO dd‘ “dq id iq VF

v € Vv jgsiredi r A
@—»06 vactual | ll”d(S)9 ll”q (S)D LI? L2

dc
ZGen
(0]

— Z5°" (600 pF)
—_— ZOCon (Virtual Inertia)
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Experimental Demonstration of the Equivalence

idq [A]
idq [A]

Capacitance
equivalent to

machine inertia: 240
— J=10.32 [kg-m?] — 220
Zl ZI@ 200 |HMII 1
§ = 180" Model Output
160 | _ Experiment
115 12 125 13 135 14 145
= {ci =80mF ey
§ = 365
= Compared to < 360
G C =600 uF ) 355,

_ 115 12 125 13 135 14 145
Time [s] 130 times smaller Time [s]
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System-Level Operation with Real and Electronic Machine Coupled

Virtual
Generator Generator Motor Drive Utility

—HEHAO

Load step at ~ 2.5s

1/s

tV.[V] DC-link 1Q[rad/s]
AL, voltage droop = Frequency of the AC —voltages and currents directly ¢ AT Speed droop
"""""""""""""""""""" proportional to omega and DC-link voltage!

377

Rp=2. | A = Power converter synchronizes seamlessly rad/s:
La. [A] with no PLL required ko= 011 Nm T'[Nm]

20 %

= 10 e G 178

é 5 8 rad/s) §

o - ; <

_&‘@_10 ”\ . g

RS | I
-20 Q)

3 2 3 4 1 2 3 5
Time [s] Time [s] Time [s]
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Mitigating Instability with Power Electronics-Interfaced Renewable Generation?

,@5s

7 8 9 3 Total
M 3£_|_< > PLoad < PGenl + PGen2
Gen2. Gen3. =180 MW =370 MW
(192 MVA) (128 MVA)
5— L] L]
Fast-reacting power electronics
can dispatch necessary active

and reactive power very fast
- and hence stabilize the system!

4
Active and Reactive Power at the bus No.4
during loss of generation transien‘t

" PV Farm

» Replacing Generator 1 with a Virtual

Generator behaving exactly the same I i
as Generator 1 J“ ]

RN
N
o

oo
o

= However, if converter emulates lower
inertia, instability can be avoided!

Power [MW, Mvar]
D
o

o

» Grid-tied converter not operating at
peak power but regulating voltage and
frequency!

3) 10 19 e s] 20 25 30
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