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__ Outline

1. Introduction

* Background
= Objectives

= Review of Previous Research
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Objectives

_Main Objective of this Thesis

= A thorough analysis and design of the current control closed loop,
oriented to an accurate tuning of the regulators is developed.

Precise plant model.

Accurate plant
parameters.

Appropriate

controller structure.

Rigorous regulator
tuning. AP ET
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Introduction
Objectives

_Main Objective of this Thesis

= A thorough analysis and design of the current control closed loop,
oriented to an accurate tuning of the regulators is developed.

Precise plant model.

Accurate plant

Chapters 2 & 3
parameters.

Appropriate
controller structure.

Chapter 1: Introduction

tuning.

Rigorous regulator
Chapters 4 & 5 5 5 APET
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Plant Model for Current-Controlled Grid-Tied VSCs
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__Parameter Identification

= Precise knowledge of L and R is essential to guarantee the
performance of the current loop (particularly when
specifications are stablished in terms of transient response).
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__Parameter Identification

= Precise knowledge of L and R is essential to guarantee the
performance of the current loop (particularly when
specifications are stablished in terms of transient response).

= Parameter uncertainties.
= Non negligible impedance at the PCC.

= Variation in the value of the difterent components with the working
conditions.

= Particularly significant in the parameters employed to model the losses
(e.g., Be).

=  Errors in the measurements. VSC
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__Parameter Identification Methods

They can be classified attending to Paramerer Estimate YIRS
different criterta. <

= How they are executed:

* online Input/s

= offline

= How they calculate the impedance:
= directly from the measurements (v/7).  Actual system

= iteratively, by means of an adaptive observer.
= [terative minimization of the error (RLS, GPA, EKF, custom-made options....)

= E.g, recursive closed-loop methods such as MRAS-based solutions.

*  Whether they need a source of excitation:
= NO -2 passive

= YES -2 active (signal injection, change in the operating conditions..
Pag.
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__Parameter Identification Methods

The following observations can be drawn from the available bibliography.

= There is no previous technique aimed at the converter equivalent
loss resistance estimation.

= None of these methods is oriented to exactly the same objective as
the one sought in this thesis: an accurate analysis and design of
current loop transient response in grid-tied VSCs.
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__PI Controllers in SRF

®* One of the most extended solutions.
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Resonant Controllers in Stationary Frame
(Vs PI Controllers in SRF)

v" Open-loop infinite gain at the resonant frequency = ac currents can be
regulated in stationary frame with zero steady-state error,

V" reducing the computational burden (Park transformations can be avoided),

v" showing lower sensitiveness to errors and noise in synchronization.
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Resonant Controllers in Stationary Frame
(Vs PI Controllers in SRF)

v" Open-loop infinite gain at the resonant frequency = ac currents can be
regulated in stationary frame with zero steady-state error,

V" reducing the computational burden (Park transformations can be avoided),

v" showing lower sensitiveness to errors and noise in synchronization.

v" Ability to regulate positive- and negative-sequence components of the
same harmonic order < equivalence to two identical PI regulators
implemented in two SRF's simultaneously (one positive and one negative).

x Complex schemes for distortion-free saturation.

X Great sensitiveness of their resonant frequency to the discretization

technique. AP E T
—
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PR Controllers
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PR Controllers
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PR Controllers

Proportional gain: Gpr(s) = Kp, + Z S

Influences: phase margin and f, h=15... I
Selection: well-stablished rules.
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___VPI Controllers
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___VPI Controllers
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Introduction

Objectives

___Main Objective of this Thesis

= A thorough analysis and design of the current control closed loop, oriented to a
precise tuning of the regulators is developed.

Precise plant
model.

Accurate plant Ch;!;tel‘s 2&3 N -
| |
parameters. ant parameter 1dentification methods

oriented to transient response optimization.

Appropriate Chapters 4 &5

controller structure. = Accurate tuning methods for resonant
controllers oriented to transient response
optimization (command tracking and
Rigorous disturbance rejection).

regulator tuning. = Comparison between PR and VPI
controllers (transient response and THD).
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Equivalent Loss Resistance Estimation of Grid-Tied Converters for Current Control Analysis and Design

__ Outline

2. Equivalent Loss Resistance Estimation ot Grid-Tied Converters for
Current Control Analysis and Design
Analysis of the Current Closed-Loop Step Response

Developed Identification Method of the VSC Equivalent Loss Resistance
Experimental Results
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Equivalent Loss Resistance Estimation of Grid-Tied Converters for Current Control Analysis and Design

Analysis of the Current Closed-Loop Step Response
__Open-Loop Transfer Function

GpL(5)
.+ PICCD ____ , . 1)
Gd<s>{: O-iGLRY
( l 1 :
 ed | R |
‘ I - o |'aa
Computational and
modulation delay
Pag, .
29-34 <. T
UniversidaaVigo

Ana Vidal Gonzalez APET, University of Vigo



Transient Response Analysis and Design of Current-Controlled Grid-Tied Converters
Equivalent Loss Resistance Estimation of Grid-Tied Converters for Current Control Analysis and Design

Analysis of the Current Closed-Loop Step Response
__Open-Loop Transfer Function
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Analysis of the Current Closed-Loop Step Response
__Open-Loop Transfer Function
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Analysis of the Current Closed-Loop Step Response

_Current Step Response in the Discrete-Time Domain

From the step response, having isz as a target, two indicators
can be used to identify the actual R:

® the sign ot the error area (1E) —> whether R is under or

overestimated,
* the area (IAE) — how large is the R
mismatch
7 . \ \ . .
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Equivalent Loss Resistance Estimation of Grid-Tied Converters for Current Control Analysis and Design

Developed Identification Method of the VSC Equivalent Loss Resistance

____Developed Method

= MRAS-based technique. [terative process.
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Equivalent Loss Resistance Estimation of Grid-Tied Converters for Current Control Analysis and Design

Developed Identification Method of the VSC Equivalent Loss Resistance
____Developed Method

1. Imitialization

= Auxiliary variables In't'allzat'on )
= Controller Raran}\eters ~ Command an i.*
R(1), L=Lg, K(K)=R(K)/L¢ step to both
= Simulated plant parameters control loops
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: | I
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Model
36-41

Un i\'{?‘l‘si(l;l(lﬂ\-"'i g0

Ana Vidal Gonzalez APET, University of Vigo



Transient Response Analysis and Design of Current-Controlled Grid-Tied Converters

Equivalent Loss Resistance Estimation of Grid-Tied Converters for Current Control Analysis and Design
Developed Identification Method of the VSC Equivalent Loss Resistance

____Developed Method

2. Command.an 3 step to both loops at Initialization |-
the same time. |
Command an i *
step to both
control loops
¥
3 Store the
DIGITAL PLATFORM H OUtpUtS
| T
_ l Calculation of
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Transient Response Analysis and Design of Current-Controlled Grid-Tied Converters
Equivalent Loss Resistance Estimation of Grid-Tied Converters for Current Control Analysis and Design

Developed Identification Method of the VSC Equivalent Loss Resistance

____Developed Method

3
2. Command.an I step to both loops at Initialization |~
the same time. |
3. Store the outputs i,and iR . Command an iy
q q step to both
control loops
¥
5 Store the
DIGITAL PLATFORM H Outputs

¥
Calculation of
the WIAEq, |Eq

. newR [ ADAPTATION | . y \ Adjustable v
J- | WAkt [N Model Obtaining the
L | (AM) new R
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Transient Response Analysis and Design of Current-Controlled Grid-Tied Converters

Equivalent Loss Resistance Estimation of Grid-Tied Converters for Current Control Analysis and Design
Developed Identification Method of the VSC Equivalent Loss Resistance

____Developed Method

A

4. Calculation ot two indicators Initialization
(WIAE,, IE) from the error between |

the two curves. Command an i *

step to both

control loops
¥

3 Store the

DIGITAL PLATFORM . outputs

1!
Calculation of
the WIAE,, IE,

[

* newR | ADAPTATION | ¢ % \ Adjustable !
= | ViAE, e, Model Obtaining the
I (AM) new R
|
Reterence
Model
Pag. (RM) e
36-41

Un i\'{?‘l‘si(l;l(lﬂ\-"'i g0

Ana Vidal Gonzalez APET, University of Vigo



Transient Response Analysis and Design of Current-Controlled Grid-Tied Converters
Equivalent Loss Resistance Estimation of Grid-Tied Converters for Current Control Analysis and Design

Developed Identification Method of the VSC Equivalent Loss Resistance

____Developed Method

4. Calculation of two indicators Initialization |~
(WIAE,, IE) from the error between |
the two curves. Command an i *
. : step to both
5. Obtaining the new R estimate: control loops
- WIAE,, IE, > R I
3 Store the
DIGITAL PLATFORM H OUtpUtS
v
Calculation of
| the WIAE,, IE,
. newR | ADAPTATION | o ¥ \ Adjustable v
I — N sy e Obtaining the
new R
l
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Transient Response Analysis and Design of Current-Controlled Grid-Tied Converters

Equivalent Loss Resistance Estimation of Grid-Tied Converters for Current Control Analysis and Design
Developed Identification Method of the VSC Equivalent Loss Resistance

____Developed Method

Reference
model output k=1

\\ ]
= R=R : f f
q
§4’ : ] : 1
bl ; i i
g2 S <
= —_— H_
I . & ul
0 1 I I | | | N S SW S
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Time (s) |d 9 A
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Transient Response Analysis and Design of Current-Controlled Grid-Tied Converters
Equivalent Loss Resistance Estimation of Grid-Tied Converters for Current Control Analysis and Design

Developed Identification Method of the VSC Equivalent Loss Resistance

____Developed Method

= Main idea: using the area between both
curves to correct the R mismatch.
u VVIAEq
) ’ Reference
IE, model output
7
i§=6.3
<5
E )0 LA L L L i
vl___. s R=0.40 Q) |
WIAEq=1 4.69 > Vg
0 i :

Time (s)

R 2.3Q Adjustable

model output
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Equivalent Loss Resistance Estimation of Grid-Tied Converters for Current Control Analysis and Design

Developed Identification Method of the VSC Equivalent Loss Resistance

____Developed Method

= Main idea: using the area between both
curves to correct the R mismatch.
u VVIAEq
- ’ Reference
q model output
7
i§=6.3
35
vl___. . R=0.40 Q] |
WIAEq=1 4.6Y >Uq
0 i :

Time (s)
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model output
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Equivalent Loss Resistance Estimation of Grid-Tied Converters for Current Control Analysis and Design

Developed Identification Method of the VSC Equivalent Loss Resistance

____Developed Method

= Main idea: using the area between both
curves to correct the R mismatch.
. VVIAEq
) ’ Reference
IE, model output
i !
i§=6.3 |
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Equivalent Loss Resistance Estimation of Grid-Tied Converters for Current Control Analysis and Design

Developed Identification Method of the VSC Equivalent Loss Resistance

___ Developed Method

Approach to R
lower bound
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Equivalent Loss Resistance Estimation of Grid-Tied Converters for Current Control Analysis and Design

Developed Identification Method of the VSC Equivalent Loss Resistance

___ Developed Method

Approach to R
lower bound Refinement
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Transient Response Analysis and Design of Current-Controlled Grid-Tied Converters
Equivalent Loss Resistance Estimation of Grid-Tied Converters for Current Control Analysis and Design

Developed Identification Method of the VSC Equivalent Loss Resistance

___ Developed Method

Approach to R
lower bound Refinement
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Transient Response Analysis and Design of Current-Controlled Grid-Tied Converters
Equivalent Loss Resistance Estimation of Grid-Tied Converters for Current Control Analysis and Design

Developed Identification Method of the VSC Equivalent Loss Resistance

_Other contents of Chapter 2

= Theoretical examples of representative situations with L and
Wlth LCL ﬁlters ( rated VLLrated1 Plevel, fSW1 Sy |q*; LF1 RF1 RC) Pag.

= For all the cases, Rc matches quite well RT®in few iterations. 41-49

= Implementation options:
= Offline, during a precommissioning stage. Pag

= Online - PICCD must be adopted to regulate the positive-sequence P
tfundamental component of the current.

= Effect on the resistance estimate of uncertainties in the
inductance value. Pag.

= The error made in R is irrelevant, even for L/L=1.20 and L/L=0.80. 44

= 2DOF PI controller case (“active resistance”).

= Although including an “active resistance” lowers to a certain point the
sensitivity of the current loop response in the presence of R
uncertainties, knowin%‘zR permits to further enhance the transient
response, especially as R grows.
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Transient Response Analysis and Design of Current-Controlled Grid-Tied Converters
Equivalent Loss Resistance Estimation of Grid-Tied Converters for Current Control Analysis and Design

Experimental Results

__Experimental Setup

Ve e ~ \ Actual control loop:
; C.
( pCC Z, L R, T . = plant = a 3-ph grid-tied
™ J CT R; _Vdc VSC
fabe VBCCype “ = control = dSpace.
v B Y PWM
b 1
abc +jq‘ ............. g PLL . 'y
abc « ‘__5 abc
J9 abc 91+601Td
|
= lvPCqu Mgq ? - -
> jo,L lq
\ - G (2) e v
Bl 5 e 5] £ O
E§ Notch v} o
o ot Vie R
- -y
E 3 Notch i
2 T

Simulated control loop:

= simulated plant + control )ET
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Transient Response Analysis and Design of Current-Controlled Grid-Tied Converters

Equivalent Loss Resistance Estimation of Grid-Tied Converters for Current Control Analysis and Design
Experimental Results

—_ Experimental Tests

—_ : : t
Case I:)dc 1:sw_fs I—F RF Id Iq* Vdc VPCC chr;e kmax

A [[43kW]| 10kHz | 59mH [04Q |97A|63A|750V 230V [19Q | 14

B |[|28kw| 10kHz | 5.9mH |04Q|63A|63A|750V [230V [2.6Q | 16
C |\1.8kwW/|[(10kHz|| 5.9mH |04Q |43A|[43A| 750V |230V |38Q | 22
D |18KkW || 5kHz || 9.6mH |04Q |43A|43A|750V | 230V |2.7Q | 13
E |1.8kW |25kHz | 11.7mH [04Q [43A |43A | 750V [230V | 1.3Q | 9
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Transient Response Analysis and Design of Current-Controlled Grid-Tied Converters
Equivalent Loss Resistance Estimation of Grid-Tied Converters for Current Control Analysis and Design

Experimental Results

__ Experimental Test A

Tek Run: 100kS/s Sample Trig?
E e o
E ¥

Tek Run: 100kS/s Sample  Trig? Tek Run: 100k5/5 Sample  Trig?
L T [ I
r M L

I, Voo i Vo " l, g Vo
) ‘ PCCa , ‘4 PCCy A ; i PG/
[ \ N " N
; N L N 7
: v A o i
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Transient Response Analysis and Design of Current-Controlled Grid-Tied Converters

Equivalent Loss Resistance Estimation of Grid-Tied Converters for Current Control Analysis and Design
Conclusion

__Conclusions of Chapter 2

= An incorrect estimation of the equivalent resistance in the plant model
of the current control closed loop leads to a degraded behavior of it,
different from the theoretical one (e.g., in terms of settling time and
overshoot). Hence, its identification is essential for a rigorous analysis
and design of this loop.

= A method to estimate the VSC equivalent loss resistance in specific
working conditions has been proposed. Such resistance reflects the
influence of the power losses on the plant model.

= The developed algorithm 1s based on the iterative minimization of a cost
function that quantifies the error between the current control closed-
loop step responses of the actual and the one including a simulated
plant, with the current controllers tuned according to IMC. Thus, it 1s
particularly oriented to the fulfillment of transient response
constraints.
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Transient Response Analysis and Design of Current-Controlled Grid-Tied Converters
A Method for Identification ot the Equivalent L and R in the Plant Model of Current-Controlled Grid-Tied VSCs

__ Outline

3. A Method for Identification of the Equivalent Inductance and Resistance
in the Plant Model of Current-Controlled Grid-Tied Converters
* Model and Control of the Current Loop
= Analysis of the Current Control Closed Loop
= [dentification Method
= Experimental Results

= (Conclusion
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Transient Response Analysis and Design of Current-Controlled Grid-Tied Converters
A Method for Identification of the Equivalent L and R in the Plant Model of Current-Controlled Grid-Tied VSCs

Model and Control of the Current Loop

_ Current Loop

Known filter
Losses inductance Inductor

value. parasitic
VsC '\ /1 / resistance
“Re . p+aL, Vb

a
/ 7y +J_ fabe RF ZTH
Lac () Vic _ C J

—l_ VCabe VPCCahe

L=Lg +ALr+ Lty Variations \ Thevenin equivalent
—Re + R~ + with the impedance seen from
R=Re +Re +Rm operating the PCC
GpL(s) point

To study the impact of the L uncertainties

. on the current closed loop, it is important
Remaining delay after
: not to neglect the delay (even for a first
applying delay
compensation in SRF. approach).
Pag. T e
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Transient Response Analysis and Design of Current-Controlled Grid-Tied Converters
A Method for Identification of the Equivalent L and R in the Plant Model of Current-Controlled Grid-Tied VSCs

Analysis of the Current Control Closed Loop

Influence of Mismatches on the Time-Domain Step Responses
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A Method for Identification of the Equivalent L and R in the Plant Model of Current-Controlled Grid-Tied VSCs

Analysis of the Current Control Closed Loop

Influence of Mismatches on the Time-Domain Step Responses
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A Method for Identification of the Equivalent L and R in the Plant Model of Current-Controlled Grid-Tied VSCs

Analysis of the Current Control Closed Loop

Influence of Mismatches on the Time-Domain Step Responses
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Transient Response Analysis and Design of Current-Controlled Grid-Tied Converters
A Method for Identification of the Equivalent L and R in the Plant Model of Current-Controlled Grid-Tied VSCs

Analysis of the Current Control Closed Loop

Influence of Mismatches on the Time-Domain Step Responses

293 \ N B P
<9. K=432 \ 3 T ag.
z S . Two indicators: 6107
Sas i :
A::\ « -, = thesignof the error area (IE)
= | \l‘>(’ il N = - :
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~=zoomwee- —-—I<L C
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Transient Response Analysis and Design of Current-Controlled Grid-Tied Converters
A Method for Identification of the Equivalent L and R in the Plant Model of Current-Controlled Grid-Tied VSCs

Identification Method

Developed Method

= Able to estimate both parameters: L = Lr + ALr + Lty and R = Rg + Rc + Ryh,

= Both orthogonal components of the plant output are considered.

" The inability of the axes decoupling to perform properly in the presence of
parameter mismatches is exploited.

= f R=RandL~L

DIGITAL PLATFORM

ADAPTATION | y
L V5 MECHANISM ) Adjustable Model

i | (WIAE,, IE,... .
| I (AM)

E=I)
I_I—>> O S
_8‘:";;,
|
§.
1
1
1
1
1
1
1
‘T
1
1
Ir
1
i
1]
1]
11
!
I
I
¥

Reference Model
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Transient Response Analysis and Design of Current-Controlled Grid-Tied Converters

A Method for Identification of the Equivalent L and R in the Plant Model of Current-Controlled Grid-Tied VSCs
Identification Method

___Developed Method

1. Initialization = extra variables Initialization |«
= Auxiliary variables .
Command an i,*
= Controller parameters step to both
R(1), L(1), K(k):R(k)ﬁ_(k) control loops
= Simulated plant parameters Y
L. =L(K), R.. (K)=R(K Store the
Sim ( ) Slm( ) ( ) OutputS
DIGITALP}J_\T_'F_OE{E/I________________________-____: _____ J
, | Calculation of
o i the WIAE,, IE,
L —_— J fora=d,g
! ADAPTATION i \ Adjustable *
s MECHANISM [ _____ I . .
| (WIAE, IE,..) (5.~ ¢ |~ Model Obtaining the
Ll g (AM) new R
i ChURE :
| _ Reference Obtaining the
. A7 Model new L
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Transient Response Analysis and Design of Current-Controlled Grid-Tied Converters

A Method for Identification of the Equivalent L and R in the Plant Model of Current-Controlled Grid-Tied VSCs
Identification Method

___Developed Method

Initialization |«
2 v
|3 Command an i;*
Coupling | £
: f = step to both
E Ol sw 5 kHz
< 6. w | f control loops
— 2 S ‘
15.8
o 1 L |99mH
o — o Store the
F1 4 outputs
Step | g 5 | _:,__:,,lq, _ L|: 3.8 mH F:
E WA """_f—‘ i R 30 Calculation of
Pag. 0 i TFiT 0.04 ~ the W|AEa, IEa
67-73 R(1) 040 fora=d.g
DIGITALPLATFORM . = RF T
\ Adjustable Obtaining the
i e e St Model new R
iﬁ ] QY (AM) —
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Transient Response Analysis and Design of Current-Controlled Grid-Tied Converters
A Method for Identification of the Equivalent L and R in the Plant Model of Current-Controlled Grid-Tied VSCs

Identification Method

___Developed Method

At each iteration (within each commanded step), a
correct estimate of both parameters is aimed.

A

Initialization
v
Command an i,*
step to both
control loops

L identification Vs R identification:

= WIAE, = IAE, for under and overestimate cases. T
= Initial overestimation is also regarded. Store the
= As the delay has an important influence on the axis cross outputs
coupling, 7 should be also considered when updating the Y
new L estimate. Calculation of
WIAE, = IAE, the WIA_Ea, IE,
fora=d,q
IAE, if IE,>0 v
WIAE, Obtaining the
(IAEy)? if IE;<O new R
¥

L(k+1) = [1+L;_under-A,(K)]-L(k) | Obtaining the [
ag. - new L
o Ay(K) = f (WIAE,(K),i;
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A Method for Identification of the Equivalent L and R in the Plant Model of Current-Controlled Grid-Tied VSCs

Identification Method

___ Developed Method

Approach to L 1% bound
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Identification Method
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Identification Method

___ Developed Method
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Identification Method

___ Developed Method
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Identification Method

___ Developed Method
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Identification Method

___ Developed Method
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Transient Response Analysis and Design of Current-Controlled Grid-Tied Converters

A Method for Identification of the Equivalent L and R in the Plant Model of Current-Controlled Grid-Tied VSCs
Identification Method

Other contents of Chapter 3

Analysis of the root-locus diagrams with L and LCL filters.

To evaluate the validity of the L admittance model for LCL filters.

= To study the loop stability. e
= To establish a proper K gain for the method. 00-64
= To corroborate that a correct estimation of the plant parameters leads to a
better transient response, in terms of overshoot and settling time.
. . . Pag.
Parameter tuning guidelines. 75 74
Theoretical examples of representatixe situations with L and with
LCL filters (Prated, LLrated: I:)Ievel, fsw, fs, g™, LF, RF, RC)- Pag.
= For all the cases, Rc matches quite well R in few iterations. 75-77
= Study of the regions of convergence as a function of the parameter mismatches.
Implementation options: Pag.
= Offline, during a precommissioning stage. 74, 15
* Online - PICCD must be adopted to regulate the positive-sequence
fundamental component of the current.
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Transient Response Analysis and Design of Current-Controlled Grid-Tied Converters
Equivalent Loss Resistance Estimation of Grid-Tied Converters for Current Control Analysis and Design

Experimental Results

__Experimental Setup
7 - Ly Ry \

! BV VNIV Actual control loop:
Voo L VSC = plant = a 3-ph grid-tied
Lgs  Rgs ;i Les Res J@ + VSC
] : v
H i C R de
Crts )’ Ly - = control > dSpace.
> . 7Y
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Transient Response Analysis and Design of Current-Controlled Grid-Tied Converters

Equivalent Loss Resistance Estimation of Grid-Tied Converters for Current Control Analysis and Design

Experimental Results

__Experimental Tests

L B571\—
f . R(1)=R
Case swW A~ F
(filter) Pac fs (Lestles) | R L(1) (Rgs*tRes) | L™ R Kmax
A 4.3 10 kHz 2.3 1.6L;
(L) KW 10 kHz 59mH 0 _9.4mH 0.4Q 59mH | 2.29 Q 20
B 4.3 5 kHz 10.9 mH 1.9 1.6L¢ 0.45 Q
wen) || kw ||| 10kHzl| G+59) | @ | =17.4mH | (0.05+0.4) | TtMA | £88Q 115
C 5 kHz 0.4L,
L) 2 kW 5 kHz 9.5 mH 3Q _38mH 0.4Q 9.8 mH | 2.96 Q 23
C 25 kHz 17 | o4l 126
L) 2 kW 9 5 KHz 12.1 mH 0 —48mH 0.4Q mH 1.77 Q 10
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Transient Response Analysis and Design of Current-Controlled Grid-Tied Converters
Equivalent Loss Resistance Estimation of Grid-Tied Converters for Current Control Analysis and Design

Experimental Results
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Transient Response Analysis and Design of Current-Controlled Grid-Tied Converters
Equivalent Loss Resistance Estimation of Grid-Tied Converters for Current Control Analysis and Design

Conclusion

__Conclusions of Chapter 3

= A method to identify the two parameters of the current loop plant time
constant at certain working conditions has been proposed:
= the equivalent inductance

" the equivalent resistance

—> Thus, the dynamics of the actual loop may be properly studied and the
controller parameters can be precisely tuned.

= The validity of modeling an LCL filter as an L one from the viewpoint of
the current loop is analyzed in detail, as a function of the gain value. = It is
demonstrated that the method is also valid when LCL filters are employed.

= The developed iterative algorithm works in closed loop, at the same
sampling frequency as the rest of the control. It takes advantage of the
current closed loop properties, and of the current controller itself to
perform the estimation. Hence, it is particularly designed to satisty time-

domain speciﬁcations.
_.__H-\\__‘_______f"
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Transient Response Analysis and Design of Current-Controlled Grid-Tied Converters
Assessment and Optimization of the Transient Response of PR Current Controllers for DPGSs

__ Outline

4. Assessment and Optimization of the Transient Response of
Proportional-Resonant Current Controllers for Distributed Power
Generation Systems

Introduction

Error Root-Locus Analysis for Transient Optimization
Design Study

Experimental Results

Conclusion
APET
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Transient Response Analysis and Design of Current-Controlled Grid-Tied Converters

Assessment and Optimization of the Transient Response of PR Current Controllers for DPGSs
Introduction

_ Framework

* In order to fulfill the dynamic GC requirements (LVRT and
grid support), an enhanced transient response of the current
loop is crucial, which can be achieved thanks to a precise
tuning of the current controllers.

= Resonant regulators (such as PR ones) have been proved to be a
good choice for grid connection.

= There 1s a lack of specific methods for PR controller tuning
considering this demanding scenario.

APET
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Transient Response Analysis and Design of Current-Controlled Grid-Tied Converters
Assessment and Optimization of the Transient Response of PR Current Controllers for DPGSs

Error Root-Locus Analysis for Transient Optimization

__Transient Assessment From the Error Signal Roots

= Methodology based on the root-locus inspection in the z-domain of the
current error signal caused by transients:

Transients in the current reference Ai*(z2)

Transients in the disturbance Avpcc (2)

1st step: Discrete-time expression of the global error
E(z) =1"(z) —1(z)
E(Z) — Eﬂ-"* (Z) |Avpc(j:'0 T E'AV PCC (Z) |Ai*:0

Vpec(?)

(k) ~ek) 1 PWM —é}— GL(5)
% B —‘i(f)

DIGITAL CONTROLLER
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Transient Response Analysis and Design of Current-Controlled Grid-Tied Converters
Assessment and Optimization of the Transient Response of PR Current Controllers for DPGSs

Error Root-Locus Analysis for Transient Optimization

__Transient Assessment From the Error Signal Roots

= Methodology based on the root-locus inspection in the z-domain of the
current error signal caused by transients:
Transients in the current reference Ai*(z)

Transients in the disturbance Avpcc (2)

1st step: Discrete-time expression of the global error
E(z) = Eai* (Z) |Avpc(j:0 + EAvpee (2) |_,r_\_;*:0
1

Eﬂf* (Z) |AVPCC:0 — Al (Z)

—1~7Z0H

[ +Gel(2)z G (2)
| —z teos()Ty)

I —2z7Tcos(w|T) + 272

i (k) ?e(k)_-_. L PwM C G) _‘ cosine term
i(t)

—1 o !
77 sin() Tg)
i(k +(B — B
(k) > ( new old) 1—25—1005((0’17"5)4—3—2
DIGITAL CONTROLLER b - 4
sine term
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Error Root-Locus Analysis for Transient Optimization

__Transient Assessment From the Error Signal Roots

= Methodology based on the root-locus inspection in the z-domain of the
current error signal caused by transients:

Transients in the current reference Ai*(z2)

Transients in the disturbance Avpcc (2)

1st step: Discrete-time expression of the global error

E(z) = Eai+(2) |Avpc(j:0 + EAvpee (Z) |Ag*:0

GLTustin (Z)
 1+Ge(2)z7 ! GEOM(z)

Envpec (2) |Ai *— Avpce(z)

Pag.
89, 90 Vpee(?)
e(k) ~
2T H PWM |-G
i iR > _‘i(t) AP ET
—
DIGITAL CONTROLLER
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Assessment and Optimization of the Transient Response of PR Current Controllers for DPGSs

Error Root-Locus Analysis for Transient Optimization

__Transient Assessment From the Error Signal Roots

1st step: Discrete-time expression of the global error.
" E(z) = Eai(2) |AvpCC:0 +Eavpec (2) |Ag*:0

2nd step:

3rd step:

4th step:

APET
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Transient Response Analysis and Design of Current-Controlled Grid-Tied Converters
Assessment and Optimization of the Transient Response of PR Current Controllers for DPGSs

Error Root-Locus Analysis for Transient Optimization

__Transient Assessment From the Error Signal Roots

1st step: Discrete-time expression of the global error.
" E(z) = Eai(2) |Avp(j(j:0 +Eavpec (2) |Af*:0

2nd step: Graphical representation of the error signal roots as a
function of the controller gain = Root loci.

= Influence on the stability, decay rate, damping.

3rd step:

4th step:
Pag. ———————
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Transient Response Analysis and Design of Current-Controlled Grid-Tied Converters
Assessment and Optimization of the Transient Response of PR Current Controllers for DPGSs

Error Root-Locus Analysis for Transient Optimization

__Transient Assessment From the Error Signal Roots

1st step: Discrete-time expression of the global error.
" E(z) = Eai(2) |Avpc(j:0 +Eavpec (2) |Af*:0

2nd step: Graphical representation of the error signal roots as a
function of the controller gain = Root loci.

= Influence on the stability, decay rate, damping.

3rd step: Accurate prediction of the error waveform.
= Analysis of the eftfects of the root position on the transient
response.
4th step:
Pag. s
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Transient Response Analysis and Design of Current-Controlled Grid-Tied Converters
Assessment and Optimization of the Transient Response of PR Current Controllers for DPGSs

Error Root-Locus Analysis for Transient Optimization

___Transient Assessment From the Error Signal Roots

1st step: Discrete-time expression of the global error.

E(Z) = Epi+ (Z) |Av pcc=0 +Eav PCC (Z) |Af*:0

2nd step: Graphical representation of the error signal roots as a
function of the controller gain = Root loci.

= Influence on the stability, decay rate, damping.

3rd step: Accurate prediction of the error waveform.
= Analysis of the eftfects of the root position on the transient
response.
4th step: Gain tuning.

“ Optimization of the error transient response can be achieved:

* by making the poles fast = large decay rates,

= by placing the poles next to zeros that cancel their effect =

Pag. small residues.
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Transient Response Analysis and Design of Current-Controlled Grid-Tied Converters

Assessment and Optimization of the Transient Response of PR Current Controllers for DPGSs
Error Root-Locus Analysis for Transient Optimization

__Transient Assessment From the Error Signal Roots

1st step: Discrete-time expression of the global error.

Rty e e o e i D - - - ———
I 2nd step: Graphical representation of the error signal roots as a \I
, function of the controller gain = Root loci. !
I 3rd step: Accurate prediction of the error waveform. |
I . . l
\ dth step: Gain tuning. 1

Specific De&gn

conditions Sty dy
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Transient Response Analysis and Design of Current-Controlled Grid-Tied Converters
Assessment and Optimization of the Transient Response of PR Current Controllers for DPGSs

Design Study
— Tests
1st step: Discrete-time expression of the global error.
’ L N I N S - - - - - N NN N - S S S S S S S S S - - .-
\
[ 2nd step: Graphical representation of the error signal roots as a :
I function of the controller gain = Root loci. I
l < e
| 3rd step: Accurate prediction of the error waveform. |
. . I
I 4th step: Gain tuning. ]
N e e e e e e e e e e e e e e e e e e e e e e e e e e
Three control situations:
B. PR controller tuned at f;, f; and f;. High sampling frequency (f;= 10 kHz).
C. PR controller tuned at f;. Low sampling frequency (f;= 2.5 kHz).
Two transients:
[.  Transients in the current reference: a phase change of 90° in I*. Ai*(2) )E T
Pag II. Transients in the disturbance: a type ‘C’ sag in Vpce AVpce (2)
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Assessment and Optimization of the Transient Response of PR Current Controllers for DPGSs

Design Study

A. PR Controller Tuned at f;. High f; (10 kHz)

r—_—_—_—_—_—_—_—_—_—_—_—_—_—_—_—

I 2nd step: Graphical representation of the error signal roots as a
function of the controller gain = Root loci.

1
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Design Study

A. PR Controller Tuned at f;. High f; (10 kHz)
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| 3rd step: Analysis of the effects of the root position on the ‘
transient response. :
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Transient Response Analysis and Design of Current-Controlled Grid-Tied Converters
Assessment and Optimization of the Transient Response of PR Current Controllers for DPGSs

Design Study

__A. PR Controller Tuned at f;. High f; (10 kHz)

Typical value K;; = 2000:

" p; & p, (dominant) slow and oscillating;

“ p; & p, faster than p; & P,, and also oscillating.
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Transient Response Analysis and Design of Current-Controlled Grid-Tied Converters
Assessment and Optimization of the Transient Response of PR Current Controllers for DPGSs

Design Study
___A. PR Controller Tuned at f;. High f; (10 kHz)
Ki, = 17645: Not such a big
“ P; =P, dominant and nonoscillating; impact of zeros on .
" p3 & p, practically unchanged with the dominant poles. Optlmal. for
respect to those with K;; = 2000. + » c}.langes in the
disturbance.
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Transient Response Analysis and Design of Current-Controlled Grid-Tied Converters
Assessment and Optimization of the Transient Response of PR Current Controllers for DPGSs

Design Study

___A. PR Controller Tuned at f;. High f (10 kHz)

Ky, = 34000: .
" P; > P, dominant and nonoscillating; I Zeros closer to Optimal for

“ p3 & p, practically unchanged with the dominant » changes in the
current

respect to those with K;; = 2000. poles.
reference.
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Assessment and Optimization of the Transient Response of PR Current Controllers for DPGSs

Design Study

__A. PR Controller Tuned at f;. High f; (10 kHz)

Ky, = 100000:
* Py slower and almost cancelled by a zero; » Not a good choice.

“ P, faster and nonoscillating;
“ p3 & p, dominant and very oscillating.
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Design Study
____A. PR Controller Tuned at f;. High f; (10 kHz)
r - - - ) = =) = ======================== 1
I 4th step: Gain tuning. I
' _ e — e e M L L Lo J
) Optimal gain

Enis Ky, = 34000
A tradeoft 1s / Ai (Z) 11
needed. \ EA‘U beC (Z) KI1 — 17645
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Design Study

___A. PR Controller Tuned at f;. High f (10 kHz)

r—_—_—_—__—_—_—_—_—_—_—_—_—_—_—_

1
I 4th step: Gain tuning. I
: I

__—_—___—_—_—_—_—_—_—_—_—_—_—_—J

) Optimal gain

Eni~ Ky, = 34000
A tradeoft 1s / Ai (Z) 11

r_____________'\

needel TS 1 Eavpee(2) | Ky =17645

&_—_—_—_—_—_—_

The disturbance rejection
response 1s usually more
critical than the reference

tracking one. AP E T
——
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Design Study

~__B.PR Controller Tuned at f, fs and f;. High f (10 kHz) _

't
K 3rd step: Analysis of the effects of the root !
K position on the transient response. I
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Design Study

~__B.PR Controller Tuned at f, fs and f;. High f (10 kHz) _
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T 3"“ step: Analysis of the effects of the root posruon‘
| on the transient response. ,I

Ki; = 17645 + two different values of Kz and K.

New zeros at the unit circle boundary: '

= Impossible to place the new poles far from the
unit circle boundary and at the same time, next to
those zeros.

“ Difficult to draw conclusions from the root loci.
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Design Study

—B. PR Controller Tuned at f;, fs and f;. High f; (10 kHz)
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3rd step:
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| position on the transient response.

Ki; = 17645 + two different values of Kz and K.

New zeros at the unit circle boundary: '

= Impossible to place the new poles far from the
unit circle boundary and at the same time, next to
those zeros.

“ Difficult to draw conclusions from the root loci.

¥

Accurate prediction of the error waveform.

Partial-fraction ) . 4th step:
. Settling time
expansions: poles Gain
. & overshoot.
& residues. selection.

F______

| Kig= K, =17645 |
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Design Study

___C. PR Controller Tuned at f;. Low f; (2.5 kHz)

Gain tuning.

= Compared to the corresponding
ones at 10 kHz, p; & p, have
more impact at 2.5 KHz, due to

= To favor the settling time of the
disturbance rejection response.

= Kj;=5262 < p; = p, dominant and

nonoscﬂlatmg. the delay eftect.
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Assessment and Optimization of the Transient Response of PR Current Controllers for DPGSs

Experimental Results

__Experimental Setup

Vpce i Ly Ry J @ J;
C RL A de

VPCCape 7] tabe T

"x“ PWM
abc B
Filter + »
[nductor . PLL .
==
e 6
F
& 7
i a
(-]
E g
TR
a3

= VSC working as a rectifier.
= Control implemented in dSpace DS1104-

= The Pacitic 360-AMX 3-ph linear power source 1s used to supply the ac
voltages and to program the voltage sags. T

* 1§ is set manually to perform transients in the current reference. PE b
— ag.

100, 101

= ijis set through an outer loop which controls V. Universid:
JINIVETSIC ‘l'{_li"' P4V
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Assessment and Optimization of the Transient Response of PR Current Controllers for DPGSs
Experimental Results

___A. PR Controller Tuned at f;. High f; (10 kHz)

Ky, = 2000 Ky, = 17645
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Experimental Results

__A. PR Controller Tuned at f;. High f; (10 kHz)

Ki; = 34000 K, = 100000
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Experimental Results

___B. PR Controller Tuned at f;, fs and f;. High f, (10 kHz) _
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Experimental Results

___C. PR Controller Tuned at f;. Low f (2.5 kHz)
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Transient Response Analysis and Design of Current-Controlled Grid-Tied Converters

Assessment and Optimization of the Transient Response of PR Current Controllers for DPGSs
Conclusion

__Conclusions of Chapter 4

* A methodology to assess and optimize the transient response
of PR controllers has been developed. It is based on the
accurate modeling (including the delay ettfects) and study of
the error signal roots caused either by

= Transients in the current reference
= Changes in the disturbance (voltage sags at the PCC).

= Different significant situations considering very demanding
scenarios have been analyzed and tested.

= Optimal gains result from a tradeoff between the two types of
transients, 1n favor of the most critical one, which is the

disturbance one. Pag.
106-108

= It 1s concluded that precisely tuned PR controllers are a
suitable option to fulfill the GC requirements in terms of

transient response. . .
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Transient Response Analysis and Design of Current-Controlled Grid-Tied Converters
Transient Response Evaluation of Stationary-Frame Resonant Current Controllers for Grid-Connected Applications

__ Outline

5. Transient Response Evaluation of Stationary-Frame Resonant Current
Controllers for Grid-Connected Applications

* Introduction
* Design Study
* Experimental Results

= (Conclusion

APET
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Transient Response Analysis and Design of Current-Controlled Grid-Tied Converters

Transient Response Evaluation of Stationary-Frame Resonant Current Controllers for Grid-Connected Applications
Introduction

_ Framework

= VPI controllers are alternative resonant regulators to PR
ones.

= Some works prove they could provide higher stability margins
than PR ones and hence, more damped responses.

= Studies about the utilization of VPI controllers for current
control in renewable energy applications are lacking. There 1s
not a methodology for VPI controller tuning oriented to the
transient response optimization of command tracking and
disturbance rejection.

APET
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Transient Response Analysis and Design of Current-Controlled Grid-Tied Converters

Transient Response Evaluation of Stationary-Frame Resonant Current Controllers for Grid-Connected Applications
Introduction

_ Framework

= VPI controllers are alternative resonant regulators to PR
ones.

= Some works prove they could provide higher stability margins
than PR ones and hence, more damped responses.

= Studies about the utilization of VPI controllers for current
control in renewable energy applications are lacking. There 1s
not a methodology for VPI controller tuning oriented to the
transient response optimization of command tracking and
disturbance rejection.

s = Application to VPI controllers of the
| l methodology described in Chapter 4.

-

* Comparison between PR and VPI controllers.
UniversidadeVigo
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Design Study

_Methodology & Tests

1st step: Discrete-time expression of the global error.
[ ;nd step: Graphical representation of the error signal roots as a - \I
I function of the controller gain = Root loci. :
: 3rd step: Accurate prediction of the error waveform. :
I\ 4th step: Gain tuning. ]

Four control situations:

B.  Resonant filters tuned at f;, f; and f;. High sampling frequency (f;= 10 kHz).

- C.  Resonant filters tuned at f;. Low sampling frequency (f;= 2.5 kHz).
110?%12 D. Effect of afeed-forward path.

T'wo transients: A DET

I.  Transients in the current reference: a phase change of 90° in i*. Ai*(z)
.

I[I. Transients in the disturbance: a type ‘C’ sag in V AV Z ‘ 7e
JP g in Vece, AVeec (2) i fsl(lildﬂ\-' 120
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Transient Response Evaluation of Stationary-Frame Resonant Current Controllers for Grid-Connected Applications

Design Study

A. VPI Controller Tuned at f;. High f (10 kHz)

Qg RGN RSN MRy ARl G R U S S
I 2nd step: Graphical representation of the error signal roots as a ‘
| function of the controller gain = Root loci.
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Q Zero X Pole for K; =50 — Trajectory of closed-loop pole
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Design Study

A. VPI Controller Tuned at f;. High f (10 kHz)
F— ——— — - - -
| 3rd step: Analysis of the effects of the root position on the \
e e wansient response. ______ __________ .

o,=06mT, | o,=0471,
£=02

0.8F

E Aj* ( Z) Comparing with the analysis of the PR controller:

06F

= Same number of roots (numerators and
. Pag.
denominators of the same order). IR

04r

=1
[
T

= Just the roots that depend on the controller
numerator are different = py, p,, P3 & P,

Imaginary
[—]

<
¥

04k

“ p; & p,(dominant poles): behave similarly
with an increasing gain.

" Pp; & p,: behave differently.

e 13- i

0.8} § i A2 08}
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i VPI controller - Real; plant dynamics cancellation
H Ps € 7,
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Design Study

A. VPI Controller Tuned at f;. High f (10 kHz)
| 3rd step: Analysis of the effects of the root position on the \
e e e tansient response. _ __ _ ____________ ;

o,=06mT, | o,=0471,
£=02

0.8F

E Aj* ( Z) Comparing with the analysis of the PR controller:

06F

= Same number of roots (numerators and
. Pag.
denominators of the same order). IR

—o0d
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021

= Just the roots that depend on the controller
numerator are different = py, p,, P3 & P,
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04k
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LU SR, < with an increasing gain.
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| VPI controller - Real; plant dynamics cancellation
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| Py € 74
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Design Study

___A. Resonant Controllers Tuned at f;. High f, (10 kHz)___

Q Zero @ Closed-loop pole

1] Pole position (decay rate)
08k w, =0.6nT | w,=04/T,
, $= 02— PR . .
oot L NN R " p; & p, (dominant poles) = slower with
oal /PPN RN L TN the VPI controller
. NGO nm Q2R
T A e WAR A =Y " p; & Pp, 7 p; slower and p, faster with the
= R e L pn L
H \ == | | VPI controller
NI e / e Residues in the reference change (damping)
-0.6F 2 3 PR < < x -7
: Ps . O
osp %o L E " p; & p,(dominant poles) = bigger
Pag‘ - n Ai* (Z) residues with the VPI controller
: . Real o '
112-115 ‘ ‘ ‘ ) " p; & p, > smaller residues with the VPI
05 @ =0T, | ~CanT, controller
0.6 : } | . . .
ol ¢=04 Residues in the disturbance change
. L= 06 .
02| [~E-a) (damping)
2 |5 B
B O’ s . y a ST ° .
: [Py " Py, P, & p; 2 larger residues with the VPI
=028 g3 - b F2 3
04 N "]','rn I".'P.l ZIO. | A controller
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Design Study

_ B. Resonant Controllers Tuned at f, fs & f;. High f, (10 kHz) ____

" Adding more resonant filters with high gains affects the position of the

dominant poles p; & p,, as well as those of p; & p, with both controllers =

Smaller values of K|; and K; are needed to achieve p; =p,.
: : : Pag.
= For py, Py, P3 & P4, the conclusions are the same as in the previous case. 115,116

* For the additional poles, the differences are marginal.

APET
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Transient Response Analysis and Design of Current-Controlled Grid-Tied Converters
Transient Response Evaluation of Stationary-Frame Resonant Current Controllers for Grid-Connected Applications

Design Study

— B. Resonant Controllers Tuned at f,, /; & /.. High £, (10 kHz)

" Adding more resonant filters with high gains affects the position of the

dominant poles p; & p,, as well as those of p; & p, with both controllers =

Smaller values of K|; and K; are needed to achieve p; =p,.
: : : Pag.
For py, Py, P3 & Py, the conclusions are the same as in the previous case. 115, 116

* For the additional poles, the differences are marginal.

_ C. Resonant Controllers Tuned at f,. Low f; (2.5 kHz)

= As f, decreases, the delay effects caused by the discrete-time implementation
become more noticeable. The discretization method applied to the resonant
controllers affects the system dynamics.—~ The best option is assessed.

Pag.
= More similarities in the root loci of both controllers at this f. 116-118

* The dominant poles p; & p, are slightly faster with the PR controller > slightly faster
reference tracking and disturbance rejection responses.

* Smaller residues of the dominant poles with the PR controller > smaller overshoot.

= Initial high-frequency oscillations in the reference change with the PR controller (due to
larger residues of p; & p,) = it will increase the overshoot.
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Experimental Results

__Experimental Setup
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= VSC Working as a rectifier. Pag.
119-121

= Control implemented in dSpace DS1104-

= The Pacitic 360-AMX 3-ph linear power source 1s used to supply the ac
voltages and to program the voltage sags.

* 1§ is set manually to perform transients in the current reference. PET

-

= ijis set through an outer loop which controls V. Unive H““]“‘“’“ Vio
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Experimental Results

__A. Resonant Controllers Tuned at f;. High f (10 kHz)
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Experimental Results
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__D. THD Analysis
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Reference change Disturbance change
Controller f, h THD : :
Overshoot | Set. time | Overshoot | Set. time
VPI 10 kHz 1 8.29 % 14 % 17 ms 8.6 A 27 ms
PR 10 kHz 1 2.65 % 28 % 9 ms 4.4 A 20 ms
VPI 10kHz | 1,5,7 | 1.10% 49 % 16 ms 8.8 A 26 ms
PR 10kHz | 1,5,7 | 0.92% 57 % 12 ms 4.4 A 19 ms
VPI 2.5 kHz 1 4.75 % 13 % 16 ms 12.1A 28 ms
PR 2.5 kHz 1 4.63 % 40 % 10 ms 10.9 A 22 ms
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Reference change Disturbance change
Controller f, h THD : :
Set. time | Overshoot | Set. time
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Reference change Disturbance change
Controller : :
Overshoot | Set. time | Overshoot | Set. time
14 % 17 ms 8.6 A 27 ms
PR 10 kHz 1 2.65 % 28 % 9ms 4.4 A 20 ms
VPI 10kHz | 1,5,7 | 1.10% 49 % 16 ms 8.8A 26 ms
PR 10kHz | 1,5,7 | 0.92% 57 % 12 ms 4.4 A 19 ms
VPI 2.5 kHz 1 4.75 % 13 % 16 ms 12.1A 28 ms
PR 2.5 kHz 1 4.63 % 40 % 10 ms 109 A 22 ms
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Controller : :
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Reference change Disturbance change

Controller f, h THD : :
Overshoot | Set. time | Overshoot | Set. time

VPI 10 kHz 1 8.29 % 14 % 17 ms 8.6 A 27 ms
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Experimental Results

Reference change Disturbance change
Controller f, h THD : :
Overshoot | Set. time | Overshoot | Set. time
VPI 10 kHz 1 8.29 % 14 % 17 ms 8.6 A 27 ms
PR 10 kHz 1 2.65 % 28 % 9ms 4.4 A 20 ms
VPI 10kHz | 1,5,7 | 1.10% 49 % 16 ms 8.8A 26 ms
PR 10kHz | 1,5,7 | 0.92% 57 % 12 ms 4.4 A 19 ms
VPI 2.5 kHz 1 4.75 % 13 % 16 ms 12.1A 28 ms
PR 2.5 kHz 1 4.63 % 40 % 10 ms 109 A 22 ms

= Effect of a Feed Forward on the Disturbance Rejection Response
Pag. = At high fs (10 kHz) = significant improvement in overshoot & settling time.

121-130 = Atlow f5 (2.5 kHz) = improvement in overshoot & insignificant improvement in
settling time.

= Effect of the PLL on the Disturbance Rejection Response

= In principle, it might have a certain impact: transient in V4, error in the outer loop
& transitory increase in the error.

=  Evaluation = scarce influence. i
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Conclusion

__Conclusions of Chapter 5

= This chapter studies the convenience of VPI controllers use when fast

transient responses are demanded:
Pag.

= For new reference tracking
180-132

" For disturbance rejection

= The transient response of the current loop is assessed by means of the error
signal roots following the methodology proposed in the previous chapter.

= Different significant situations considering very demanding scenarios have
been analyzed and tested for the VPI controller and compared with those
obtained with the PR one.

= At high f,, VPI controllers lead to longer settling times than PR ones, for both reference
and disturbance changes and also to a higher THD.

= At f,= 2.5 kHz, the root loci of both controllers, and accordingly, their transient responses,
present more similarities, although the PR regulator is faster. The THD is similar.

= However, as the sampling frequency decreases, the VPI controller becomes
an interesting alternative to the PR one: its transient response can be
optimized at lower sampling frequencies without risking the stability.
— e

Univers l(l:'l_(hk’ 190

Ana Vidal Gonzalez APET, University of Vigo



Transient Response Analysis and Design of Current-Controlled Grid-Tied Converters
Conclusions and Future Research

__ Outline

6. Conclusions and Future Research
= (Conclusions

®* Future Research
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Conclusions and Future Research
Conclusion

_ Conclusions

= It is demonstrated that a precise knowledge of L and R (which includes the
converter losses) is essential to guarantee the performance of the current
loop (particularly when specifications are stablished in terms of transient
response). Closed-loop identification methods, able to work either offline or
online, are developed. These methods are also valid when LCL filters are
employed.

= A methodology to assess and optimize the transient response of PR
controllers 1s proposed, oriented to fulfilling the LVRT (disturbance
rejection) and grid-support (command tracking) requirements from GCs. A
criterion for gain tuning is developed according to the observations.

= A comparison between the transient response of PR and VPI controllers is
presented, aimed at evaluating the suitability of the latter in grid-tied
applications. Their THD is also assessed, as well as the effects of the
feedforward and of the PLL on the disturbance rejection response.
Pag. APET
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Conclusions and Future Research
Future Research

__ Future Research

= Study of the VSC equivalent loss resistance at different frequencies, from
the control point of view. Analysis from the control viewpoint of the
correlation between the VSC equivalent loss resistance and the voltage
drops caused by dead times, the voltage drops in the transistors, etc.

= Development of a tuning method to optimize the transient response of the
current loop at very low ratios between the sampling and fundamental
frequencies. The complete transtfer function of the plant admittance in case
of LCL filters would be employed.

= Analysis of the diftferent effects (positive and negative) of adding an “active
resistance” in order to improve the disturbance rejection capability.

= Study of the interactions between the outer control of the PCC voltage
and the inner current one.
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