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Digital Resonant Current Controllers for Voltage Source Converters
Introduction

Plant Model for Current-Controlled VSCs

Plant Model for Current-Controlled VSCs |

Model suitable for active filters, active rectifiers, adjustable speed drives
(decoupled back EMF), etc. J

Vac: grid voltage, back EMF of electric machine, etc.

L filter LCL filter
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Plant Model for Current-Controlled VSCs Il
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LCL filters behave as L at
frequencies lower than

approx. fres:

GL%L(S) ~ GLGCL(S) ~
1

~GL(s) = Py ey
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Plant Model for Current-Controlled VSCs Il

Vac Vac
| Plant

- - e o
T

Complete block diagram

" . . _
L.@-. i @ G: current controller

= i @ Gvu: L filter
Simplified block diagram @ Gpy: plant model

L1
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Plant Model for Current-Controlled VSCs

Plant Model for Current-Controlled VSCs Il
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| Plant
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L1

Complete block diagram
i’ <>€ i @ Gc: current controller

i @ Gv: L filter
Simplified block diagram

@ Gp1: plant model
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Hysteresis Control
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@ Simplicity

@ Unconditioned
stability

@ Very fast

response

@ Good accuracy
Pag.
7-11



mailto:agyepes@uvigo.es
http://www.dte.uvigo.es
htpp://www.uvigo.es

Digital Resonant Current Controllers for Voltage Source Converters

Introduction

Review of Current Controllers for VSCs

Hysteresis Control

+Vg./2

“Vgcl2

@ Simplicity
Unconditioned
stability

@ Very fast
response

@ Good accuracy
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Variable switching frequency (resonances, filters,

power losses, ripple...)

Interference among phases

Inability to perform selective control

Dependence on converter topology

Analog comparators
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Deadbeat Control

gy O (o) :
1

Gps(z) GrL(z) Re 1—z"'p!

= 272 = GDB(Z) = 1

14+ Gos(z) Grr(z) - —p~ 1 1—2z2
o @ Sensitiveness to deviations in plant parameters
@ Simplicity
) @ Need for v, feedforward
@ Theoretically, B .
fastest transient @ Sensitiveness to measurement noise
among digital @ Need for dead-times compensation
controllers
ntrofier @ Closed-loop steady-state error
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Introduction
Review of Current Controllers for VSCs

Pl Control in SRF

Plant: G, (s)

L .
—— 94 Conventional PI
controller

Plant: L(s)

PI Controller with
cross-coupling
decoupling (PICCD)

Complex-
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| vector Pl
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Repetitive Controllers

Common characteristics
@ Tracking of multiple harmonics by a simple scheme
@ Difficult frequency adaptation

@ Same parameters for all peaks

Recursive form

input .

e ouput @ No selectiveness
@ Steady-state error
@ Difficult tuning

Oufeut .
@ Selectiveness

Pag. @ No steady-state error
17-23 y

input
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Proportional4+Resonant (PR) Controllers

Equivalent to a conventional Pl in positive-sequence SRF + another one in
negative-sequence SRF J

Conventional PI: Pos.sea. G;Ih (8) = Gpy, (s — jhw1) = kp, + S_].I}’Ifwl
k1, _ ) k
Gpr, (s) =kp, + s} Nengs;q. GPIh () = Gpr, (s + jhwi) = kp,, + s+_y‘ll’£wl
Kp,  Kj, Ry, (s)
T - —~ = = s s
Gpr, (s) = GPIh (s)+GPIh (s)=2 kp, +2kr, m = Kp, +Ki,, m
1 1
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Proportional4+Resonant (PR) Controllers

Equivalent to a conventional Pl in positive-sequence SRF + another one in
negative-sequence SRF J

Conventional PI: Pos.sea. G;Ih (8) = Gpy, (s — jhw1) = kp, + S_].I}’Ifwl
k1, _ ) k
Gpr, (s) =kp, + s} Nengs;q. GPIh () = Gpr, (s + jhwi) = kp,, + s+_y‘ll’£wl
Kp,  Kj, Ry, (s)
T - —~ = = s s
Gpr, (s) = GPIh (s)+GPIh (s)=2 kp, +2kr, m = Kp, +Ki,, m
1 1
Rldh(s)

s cos(),) — hwi sin(¢},)
s2 + h2w?

Delay compensation: Ggg, (s) = Kp, + K1,

Pag.
24-26

Alejandro Gémez Yepes DTE, University of Vigo 11 of 66


mailto:agyepes@uvigo.es
http://www.dte.uvigo.es
htpp://www.uvigo.es

Digital Resonant Current Controllers for Voltage Source Converters
Introduction
Review of Current Controllers for VSCs

Proportional4+Resonant (PR) Controllers

Equivalent to a conventional Pl in positive-sequence SRF + another one in
negative-sequence SRF J

Conventional PI: Pos.sea. G;Ih (8) = Gpy, (s — jhw1) = kp, + S_].I}’Ifwl
k1, _ . k
Gpy, (s) = kp), + NengsFeq' Gpr, (s) = G, (s + jhwi) = kp;, + s+_y‘li’£wl
Kp,  Kj, Ry, (s)
—~ = = s s
GpRr,, (s) = plh( )+Gpr, (s) =2kp, +2ki, TRt = Kp, +Kj, T
nldh(,s)

s cos(),) — hwi sin(¢},)

Delay compensation: Ggg, (s) = Kp, + K1,

32 +h2w2
Kpop
/—’\‘
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Analysis and design of PR Controllers

Open-loop Closed-loop
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Vector Proportional+Integral (VPI) Controllers

Equivalent to a complex-vector Pl in positive-sequence SRF + another one in
negative-sequence SRF J

Gt G

cPIy, ‘cl’]h

Gvriy, (8) = Gepr,, (s — jhwi) + Gepr,, (s + jhwi) =

I Plant
g2/1 th cancellation
—— ' —_——
—_——
K 52 LK s s(sLrp+ Rp)
= P I = h
" 52 + h2w? " 82 4+ h2w? 52 + h2w?
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Vector Proportional+Integral (VPI) Controllers

Equivalent to a complex-vector Pl in positive-sequence SRF + another one in J

negative-sequence SRF

Gt G

cPIy, ‘cl’]h

Gvriy, (8) = Gepr,, (s — jhwi) + Gepr,, (s + jhwi) =

I Plant
'2211 th cancellation
—— ' —_——
—_——
K 52 LK s s(sLrp+ Rp)
= P I = h
" 52 + h2w? " 82 4+ h2w? 52 + h2w?

Y . /
Delay compensation: G-dpy, (s) = K, (s Lr + Rr) [s cos(¢},) — hwi sin(¢},)]
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d § d (.
RS, (9) R{ ()
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Introduction

Review of Current Controllers for VSCs

Analysis and design of VPI Controllers
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Introduction
Objectives

Main Objectives of this PhD Thesis

@ To provide an in-depth study and comparison of the effects of
discretization strategies

@ To develop optimized discrete-time implementations with a good
tradeoff between

@ accuracy
@ resource-consumption & simplicity

@ To propose an analysis and design methodology for resonant controllers
by means of Nyquist diagrams, suitable for cases with more than one
cross-over frequency.

Pag.
1
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Outline

e Effects of Discretization Methods on the Performance of Resonant Controllers
@ Digital Implementations of Resonant Controllers
@ Resonant Poles Displacement
@ Effects on Zeros Distribution
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@ Summary of Optimum Discrete-Time Implementations
@ Experimental Results
@ Conclusions
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Digital Implementations of Resonant Controllers

Digital Implementations

@ Discretization of continuous transfer function (by Tustin, zero-pole
matching, etc.)

© Two discrete integrators

@ Direct int.: Forward Euler Feedback int.: Backward Euler (f&b)
@ Direct int.: Backward Euler Feedback int.: Backward Euler + z—! (b&b)
@ Direct int.: Tustin Feedback int.: Tustin (t&t)
VPI
output input —1+ output
I ar —(x
Pag.
43-45
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Effects of Discretization Methods on the Performance of Resonant Controllers
R t Poles Displ t
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Resonant Poles Displacement

Resonant Poles Displacement (f; = 10 kHz)
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Resonant Poles Displacement
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Effects on Zeros Distribution

Effects on Zeros of R;,(s) (E methods)
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Effects on Zeros Distribution

Effects on Zeros of R;,(s) (E methods)
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Effects on Zeros Distribution

Effects on Zeros of R;,(s) (D methods)
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Effects on Zeros Distribution
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Effects on Zeros of R, (s) (E methods)
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Effects on Delay Compensation

Effects on Delay Compensation (E methods)
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Effects on Delay Compensation

Effects on Delay Compensation (D methods)
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Summary of Optimum Discrete-Time Implementations

Optimum Discrete-Time Implementations

No frequency adaptation
imp,foh,tp
No delay Gpg, ()

comp. GVPI,,( ) K Rfoh tp, me( ) + K lep foh,tp (Z)

d imp,foh.tp
Delay Gpg, (z)

foh.tp imp,foh.tp

COITE G\(}Pl, (z) = Kp, Rd (z) +Ki, R?,, ()

Frequency adaptation

No delay G{,%},’( ) 5G li)t]g]:.foh.tp )

comp. G{/%?,( ), G{)/%Il;( ) | *Gvpy, (z) = Kp, thj:h'lplpm( ) +Ki, R“np wfoh, P (2)

% Jimp.foh.tp
Delay Gpg,  (2)
"~ foh.tp imp,foh.tp
comp. "‘valh( )= Kp, Rd (2)+ K, R]dh ()
Pag.
59-60 * Requires the on-line computation of cos (hw1Ts) terms as h@; varies.
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Experimental Results

Experimental Setup (APF)
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Experimental Results
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Resonant Poles Displacement ||

Tek .. Tria'd M Pos: 0,000 Harmonics  Tek Jo Tria'd M Pos: 0.000s Harmanics
CH3 THO-F  208% CH3 THO-F  185%
TRMS 1264 THD-R 20.4% SU'EE IRMS 12324 THD-R  152% Source

Harmanic: Harrmonic:
Frec, S00Hz %Fund 100.0% Setup Frec, S0.0Hz %Fund 100.0% Setup
aRMs 12204 ] 0.00° aRME 12114 (] 0.00°

KPT Show ‘ Show G t (Z)

Fave Fave
L RN N N Harmonics — — —mmm W _ _ Hamonics
@ s 7 9 1 13 15 1719 21 25 25 HMOD00CSY 305 7 3 1113 15 17 19 21 23 25 HMOOOO.CSY
CHZ 1.004 M 5.00rns CHZ 1.004 M 100mms
CH3 1004 CHA 1004 B-Jul-03 10:20 CH3 S00mé  CHA 1.004 B=Jul-03 10:41
Tek I Tria'd 1 Pos: 0.000s Harmanics Tek n Trig'd M Pos: 0.000¢ Harmonics
Cl THO-F 111% CHa THO-F D66
IRME 12024 THO-R 11.0% Source IRME 11844 THO-R B.65% Surce

Harmonic Harmoric
Frec, S0.0Hz %Fund 100.0% Setup Frec, S0.0Hz %Fund 100.0% Setup
aRMS 11354 b 0.00° franuall aRMS 11834 b 0.00°

GIE%E( ) dton shaw Glmp (Z)

Save Save
— e === Harmonies M . . . . Harmonics
oz 5 7 9 111318 ERENE) 23 25 HMOO0D.CSY 35 7 311308 1? 19 B HMOO0O.CSY
Pag_ CHZ 1.004 M 5.00mns CHZ 1.004 1 5.00ms
CH3 1004 CHY 1.00% B=Jul-03 10:36 CH3 1004 CHY 1.004 20-Jul=03 11:01

65-67

Alejandro Gémez Yepes DTE, University of Vigo 29 of 66


mailto:agyepes@uvigo.es
http://www.dte.uvigo.es
htpp://www.uvigo.es

Digital Resonant Current Controllers for Voltage Source Converters
Effects of Discretization Methods on the Performance of Resonant Controllers

Experimental Results

Discrete-Time Delay Compensation
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Conclusions

Conclusions of Chapter I

@ An exhaustive study and comparison of discretization techniques applied
to resonant controllers has been presented, in terms of their effects on

o steady-state error
o stability

@ It has been shown that the choice of discretization strategy is a crucial
aspect for resonant controllers

@ The optimum discrete-time implementations have been assessed

Pag.
72,74
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Outline

e High Performance Digital Resonant Current Controllers Implemented with Two
Integrators
@ Previous Schemes based on Two Integrators
@ Correction of Poles
@ Correction of Zeros
@ Experimental Results
@ Conclusions
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Previous Schemes based on Two Integrators

Previous Schemes based on Two Integrators

Gpr,, (3) Gvpi, (s)

output

|m \»—ﬂl |z \.-‘l

@ Simple frequency adaptation

@ Resonant poles deviation —
steady-state error

output @ Leading angle ¢, deviation —

@ anomalous peaks
o instability

Pag.
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Correction of Poles

Correction of Poles |

@ Accurate resonant poles: 1 — 227! cos (hwiTs) +2 2 >§:y?£?er
@ Schemes based on 2 int.: 1 —227'(1— T2/2) +2~2 < approx.
Proposed correction: nr = 4
n 2 n n n n—
R e
' nt =6

Pag.
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Correction of Poles

Correction of Poles |

nd
@ Accurate resonant poles: 1 — 227! cos (hwiTs) +2 2 >§ay?£?er
@ Schemes based on 2 int.: 1 —227'(1— T2/2) +2~2 < approx.
Proposed correction: nr =4
r_/_
"T/2 1)L 2 2ny2n=2 2
h T 4w1T 6w1T
— Chp =2 = —h S +h +...
" Z (zn). 12 360
1 nr = 6
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5 8
Q7
s
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3° nt = 4: valid for
£ most cases J
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o
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Correction of Poles

Correction of Poles Il
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Correction of Zeros

Correction of Zeros
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Correction of Zeros
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Correction of Zeros

Correction of Zeros
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_ |
GdPRh (s) = Kp, + K, - 1000 ——— #»=0 (no delay comp.)
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In previous literature:
@ wrong target (2 samples) — ¢}, # —ZGpy(e?"*1Ts)
Pag. . 0 g .
78,82g-83 @ discretization — inaccuracy: ¢n # ¢,
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Correction of Zeros

Improvement in ¢} Expression |
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Correction of Zeros

Improvement in ¢} Expression |

|f90 <<fs

. . 50
@ Objective:

b & |LGpL(e "1 Tx) 1001 ]
D150} 1
@ 2 samples: inaccurate ) l
© 200t |
(2]
2 250»| 1
o
300,| — [[GprL(2) |
| — — 2 samples ¢,
350t
400 .
0 500 1000 1500 2000 2500 3000 3500 4000 45005000
Frequency (Hz)
Pag.
83-85

Alejandro Gémez Yepes DTE, University of Vigo 37 of 66


mailto:agyepes@uvigo.es
http://www.dte.uvigo.es
htpp://www.uvigo.es

Digital Resonant Current Controllers for Voltage Source Converters

High Performance Digital Resonant Current Controllers Implemented with Two Integrators

Correction of Zeros

Improvement in ¢} Expression |
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Correction of Zeros

Improvement in ¢} Expression I

D ©
[=R=]

40t

o

Open-loop

Magnitude (dB)

207

© 4
@ b
S 55

=)

L

, Phase (deg)
e

@ ©
o

SNIN(NNIY

1200

-
o
1S3
(=]

Pag.
85-87

Alejandro Gémez Yepes

1400 1600

Frequency (Hz)

DTE, University of Vigo

1800 2000 2200

Proposed ¢y,
2 samples ¢,

38 of 66


mailto:agyepes@uvigo.es
http://www.dte.uvigo.es
htpp://www.uvigo.es

Digital Resonant Current Controllers for Voltage Source Converters
High Performance Digital Resonant Current Controllers Implemented with Two Integrators

Correction of Zeros

Improvement in ¢} Expression I
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Correction of Zeros

Improvement in ¢} Expression I
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Correction of Zeros

Improvement in ¢} Expression I
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Correction of Zeros

Correction of ¢, Error Due to Discretization |

15t order Taylor approximation centered at 0
271 [ cos (¢},)—hwiTssin (¢},) ] — P cos(¢),) *+— 27! cos (hw1Ts+¢},) —272 cos(¢},)

Original delay compensation

output

he, sin(g;)
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Correction of Zeros

Correction of ¢, Error Due to Discretization |

15t order Taylor approximation centered at 0
271 [ cos (¢},)—hwiTssin (¢},) ] — 272 cos(¢),) *+— 27! cos (hw1Ts+¢},) —272 cos(¢},)

Original delay compensation Accurate

cos(¢;)

output

h, sin(4]) ’ cos(haT, +4;)
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Correction of Zeros

Correction of ¢, Error Due to Discretization |

15t order Taylor approximation centered at 0
271 [ cos (¢},)—hwiTssin (¢},) ] — 272 cos(¢),) *+— 27! cos (hw1Ts+¢},) —272 cos(¢},)

Original delay compensation

Accurate

cos(ho,T, +¢})
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Correction of Zeros

Correction of ¢, Error Due to Discretization Il

1%t order Taylor approx.
centered at 0
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Experimental Results

Correction of Poles |
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Experimental Results

Correction of Poles Il
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Experimental Results

Correction of Zeros
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Conclusions

Conclusions of Chapter Ill

@ Enhanced digital implementations of resonant controllers based on two
integrators are contributed, with an optimized trade-off between accuracy
and simplicity.

o Correction of poles: improvement in steady-state error

o Correction of zeros: improvement in stability margins

e The advantages of the originals are maintained: low computational
burden and easy frequency adaptation

@ The steady-state error as a function of the order of Taylor series
approximation of the poles has been studied. A fourth order is
satisfactory for most cases

@ An expression is proposed for the target leading angle, in order to
achieve a better compensation of the plant phase lag
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Outline

e Analysis and Design of Resonant Current Controllers for Voltage Source Converters
by Means of Nyquist Diagrams and Sensitivity Function
@ Limitations of Previous Approaches
@ Analysis of Stability Margins by Means of Nyquist Diagrams
@ Relation Between Closed-Loop Anomalous Peaks and Sensitivity Function
@ Minimization of Sensitivity Function
@ Experimental Results
@ Conclusions
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Limitations of Previous Approaches

Limitations of Previous Approaches
PR controllers

@ P Mp is usually employed as indicator of stability. However, when there

are more 0 dB crossings (e.g., high-power, selective control...), PMp is
no longer valid

@ Usually, phase margins are optimized. However:

o the phase margin is a less reliable indicator than the
sensitivity peak 1/m

o closed-loop anomalous peaks are directly related to 7),
not to phase margin

VPI controllers

@ No methods have been proposed to measure and optimize proximity to
instability and closed-loop anomalous peaks

@ Ambiguity in ¢, selection: leading angles of 1 & 2 samples have been
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Analysis of Stability Margins by Means of Nyquist Diagrams

Nyquist Diagrams of PR Controllers |
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Nyquist Diagrams of PR Controllers |
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Nyquist Diagrams of PR Controllers |
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Nyquist Diagrams of PR Controllers |
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Nyquist Diagrams of PR Controllers |
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Nyquist Diagrams of PR Controllers |
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Nyquist Diagrams of PR Controllers l|

' GM,<0 GM,>0 -
N —

N —

Imaginary Axis
Y& o a

IOPGai) e . . 0 05 1 15
-107 < Real Axis 4

Alejandro Gémez Yepes DTE, University of Vigo 48 of 66


mailto:agyepes@uvigo.es
http://www.dte.uvigo.es
htpp://www.uvigo.es

Digital Resonant Current Controllers for Voltage Source Converters
Analysis and Design of Resonant Current Controllers for VSCs by Nyquist Diagrams and Sensitivity Function
Analysis of Stability Margins by Means of Nyquist Diagrams

Nyquist Diagrams of PR Controllers l|

@ GMj; > 0and PMp > 0, but system is unstable

0.5

maginary Axis
o

o
=]
/V/U‘

Pag. -1.5 s o
106-107 : ~ _ : RelalﬂAlls/’/‘//

_\4
o

~

Alejandro Gémez Yepes DTE, University of Vigo 48 of 66


mailto:agyepes@uvigo.es
http://www.dte.uvigo.es
htpp://www.uvigo.es

Digital Resonant Current Controllers for Voltage Source Converters
Analysis and Design of Resonant Current Controllers for VSCs by Nyquist Diagrams and Sensitivity Function
Analysis of Stability Margins by Means of Nyquist Diagrams

Nyquist Diagrams of PR Controllers l|
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Nyquist Diagrams of PR Controllers Ill
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Nyquist Diagrams of PR Controllers IV
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Nyquist Diagrams of PR Controllers V

7 defines:
@ Proximity to instability
e Oscillations during transients (damping)

@ Maximum steady-state error

malS()3=1/n { PO )1y

Mp is set by Kp..:
KPT:Fl(npaTszF7LF) J
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Nyquist Diagrams of VPI Controllers
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Relation Between Closed-Loop Anomalous Peaks and Sensitivity Function

Relation in PR Controllers
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Relation Between Closed-Loop Anomalous Peaks and Sensitivity Function

Relation in PR Controllers
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Relation Between Closed-Loop Anomalous Peaks and Sensitivity Function

Relation in VPI Controllers
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Minimization of Sensitivity Function

Minimization of S(z) in PR Controllers

@ Objective: ¢}, such that 775, becomes maximum, i.e., ) =Np Vh
@ Solution: ¢}, = —/Gpr(e?!"1T2) 4 /D (e7"17%) J
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Minimization of Sensitivity Function

Minimization of S(z) in VPI Controllers

. .4 _ 3 max. Np = Yh = g = ¢h = —ZGPL(ejhwlTs)
Optimum: ¢}, = 3T <:{ on = ¢y, + arctan(hwi Lr / Rr)
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Test |

Objective of Test I: prove the sensitivity minimization around hw; achieved by
the proposed ¢}, expressions J
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Experimental Results

Test | (PR Controller)
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Experimental Results

Test | (VPI Controller)
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Experimental Results

Source Converters
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Experimental Results

Test |l (Transient)
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Test 11 (Steady—State)
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Conclusions

Conclusions of Chapter IV

@ PR and VPI controllers, including delay compensation, are analyzed my
means of Nyquist diagrams. The effect of each freedom degree on the
trajectories is studied, and their relation with the sensitivity function and
its peak value is assessed

@ Optimization of the sensitivity peak permits to achieve a better
performance and stability in resonant controllers than optimization of the
gain or phase margins

@ A systematic method, supported by closed-form analytical expressions, is
proposed to optimize

o stability
e avoidance of closed-loop anomalous peaks
o transient response (greater damping of frequencies at which the
trajectory is closer to the critical point)
Pag.
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Conclusions

Conclusions

@ An exhaustive study and comparison of discretization techniques applied
to resonant controllers has been presented, in terms of

o steady-state error
o stability

@ Implementations based on two integrators, that overcome the issues of
the original ones, have been proposed. They achieve an optimized
tradeoff between

@ accuracy
o simplicity

@ It is proved that to minimize the sensitivity peak permits a better
performance and stability in resonant controllers than to maximize the
gain or phase margins. A systematic method is proposed to obtain

o high stability
Pag o reduced closed-loop anomalous peaks
131 o reduced oscillations in transients
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Future Research

Future Research

@ Optimization of transient response for distributed power generation
systems

@ Torque ripple minimization

@ Injection of current harmonics in multi-phase drives for fault-tolerance
operation and increase of average torque

@ Active compensation of undesired current components caused by
dead-time in multi-phase converters
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