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Centralized grid vs. distributed grid
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Power system evolution

= Active distribution grids with medium-scale and small-scale generators (hundreds kW to tens MW).
= Involving conventional& renewable technologies, together with storage systems

= Flexible high-voltage transportation systems connecting those grids with lower cost and ROW
(Right Of Way) restrictions
= Renewable energy:
= Photovoltaic
= Wind
B e = Hydrogen
‘t_ = Micro-turbines
= Small energy storage systems:
= UPS (static & dynamic)
= Flywheels

Supercapacitors

Compressed air energy storage system CAES

Mini-hydraulics

Superconducting Magnetic Energy Storage (SMES)

Induslrial planly
Wind Turbires

= Batteries

virtual powar plang

I A = Energy production decentralization
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Microgrid definition

Centralized generation Generation everywhere
Power flows downhill Power flows from everywhere
Utility controls connections Anyone may participate
Behavior: predictable Behavior: chaotic
. LV AC Bus bl MV AC Bus
s @ e ;

DCBus Power Infrastructure

Microgrid components DC Loads Wind Turbines
= Operation modes ' ' o) —
= .

I~

= Energy management systems

Fuel Cells
= Advanced metering infrastructure E_
o
= Energy storage systems s
Battery Banks Demand Response

= Distributed generation -
= Power electronics interfaces : —
= Comunications

= Protections
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Hierarchical control for microgrids

Functionality

Demand response,
scheduling, energy
managment system (EMS)

Power flow export /import Tertiary

control

Droop control, inner voltage

and current control loops Primary control

Banchich

minutes
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Power electronics converter as interface

Power Electronics and Control
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Background

= Increasing penetration of distributed power generation systems.

= Power converters should regulate the voltage/current within the elements that conform
the grid/microgrid (sources and loads).
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Control loops in a grid-tied converter

= Implementation
= Modulation stage
= Multiple cascaded loops of linear controllers

= Outer power/ dc-link voltage controllers

= Inner current controllers | P |
= Appropriate power factor Grid-Side VSC Falt D
o - /
; H H - INTERFACE
= Harmonic rejection POWER Vae™ 7%0—
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Design and implementation of the control technigque

Precise plant model.

Accurate plant parameters.

Appropriate controller structure.

Rigorous regulator tuning.
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Plant model. Grid-connected converter
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Plant model. Grid-connected converter

= Interfacing power production, consumption, storage and transportation within
the power system based on microgrids.

= Based on semiconductor technology and signal processing.

P
> 2
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Plant model. Interface filter

= Passive filters are employed as the interface between the VSCs and the grid. They
mitigate the switching harmonics that result from the modulation, and hence, reduce
the losses and help meeting the connection requirements. In addition, their inductive
character allows for proper operation of the grid-tied VSC, since the amplitude and
phase imposed by the control at its output is able to regulate the active and reactive
power flow. Interface filters can be mainly classified into first-order, second-order and
third-order ones, i.e., L, LC and LCL filters, respectively.

L filter LCL filter
VSC Vo
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“Q 'TC “pr 'TC . VCabe c. Db VPCCabe

F
Firing signals% Firing signals% RDE

MODULATION MODULATION
& &
CONTROL CONTROL
i T

i* i

jdoval@uvigo.es ENERPY 2019. August, 2019 16



mailto:jdoval@uvigo.es

UniversidagVigo

APET

Applied Power
Eler.u'unws Tochnolog'_v

Plant model. Interface filter
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Plant model. Interface filter
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Figure 1.3: Bode diagrams of L and LCL filters, with equivalent parameters at low frequencies
(ie.. L = Lc+ Lg and Rgp = Rc + Rg). Parameters: L = 6mH, Rp = 0.6, Lo = SmH,
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Reference frame

= With the aim of transforming the three-phase sinusoidal system into a continuous one,

and thus, simplifying its analysis and control, it is possible to define a synchronous
reference frame (SRF) rotating with the frequency of the former

] “f \
‘\m]
4 ) d
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Ug 3\ —sin(6,) —sin(B, —3&F) —sin(6; +F) :
\_ P ) o
[
Uxp = Udg ™" = ugq [cos(w 1) +j sin(w, 1)) k Br=wr+@ /
Udq = Uap € " = ugp [cos(wy 1) —jsin(w; )]

\_
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Plant model. L filter

= The plant admittance can be modeled in the stationary reference frame or in
Synchronous Reference Frame (SRF).

= The plant model G, (s) is transformed to a positive-sequence SRF rotating with angular
speed w, = hw, by application of the substitution s — s+ jhw;,

[‘XB (5) |
VSC_ Vo GLyp(s) = Ve..(s) SL+R
i () vy +J—C J@ EE:Eabc Ly R Z1n (: ) P
() -T vcabc vPCCﬂbC
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§)= = .
MODULATION Laq Ve (s)  sL+R+joL
CONTROL
T
* L=Lg+ Lyn
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Plant model. LCL filter
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Model for the current control in stationary frame

= The computational delay

= The regularly sampled pulse-width modulation (PWM) introduces half a sample delay
when employing a triangular carrier, which can be modeled with good precision by a
zero-order hold (ZOH)

= The current controller should present an infinite open-loop gain at the frequency of the
PCC voltage, so that a perfect rejection of this disturbance is assured in steady state.
In most cases, this voltage may be measured and fedforward at the output of the
current controller to further improve the transient performance in the presence of grid

faults
/Di7sturbance
"PCCap Plant _________________ YPCCaf
1
. ]
‘B MYBIG. (5) Jup®) L
—_— CG’B V (S) 1
Cap 1
_______________________________________ 4 IGB
Computational delay Modulation delay = ZOH VSC gain Plant admittance
PWMap(s) = ¢ /N
“B s GLog(s)  OLcLag(8)
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Model for the current control in stationary frame

= Overall transfer function of the control loop

[ 128(5) = Getag (5)1p(5) + Goreg (5)Vreeas (9) |

= Closed-loop transfer functions of command tracking and disturbance rejection can be
respectively expressed as follows

- o Gy (5) a—5Ts PWMg (5)GL,g (5) G Vo GLyg (5)
Clop (5) = 14+ Ge,p (s) e 5 PWMagp (5)GL 4 (5) DRap (8) = I+ Gy (5) e PWMagp (5)GL, g (5)

i e
o P chﬁ (S)

jdoval@uvigo.es ENERPY 2019. August, 2019 24



mailto:jdoval@uvigo.es

UniversidaaVigo

Current control techniques

= Several options. Linear/nonlinear techniques
= Proportional integral
= Resonant

= Pole placement

= Hysteresis
= Deadbeat

= Repetitive

= Model predictive

= Sliding mode
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Pl controller with cross-coupling decoupling. (PICCD)

= If the IMC principle is adopted, which is aimed at canceling the plant pole by the
controller zero, the latter transfer function can be further simplified.

= Gy (s) = K,/s, where alpha_c=K, coincides with the controller bandwidth and is the only
degree of freedom of the resulting regulator. This involves selecting the PI controller
gains as Ky /K, = L/R and Kg,, = K, L.

= K=K, *L, K=K, *R. (BW= K = 4%-10% ws)

Delay

ejmlfdi_.. e~GHe T L PWM, (. : +
_______ WO G tR)

A. G. Yepes, A. Vidal, J. Malvar, O. Lépez and J. Doval-Gandoy, "Tuning Method Aimed at Optimized Settling Time and Overshoot for Synchronous Proportional-Integral Current
Control in Electric Machines", IEEE Transactions on Power Electronics, vol. 29, no. 6, pp. 3041-3054, Jun. 2014.
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Complex Vector Pl

= Instead of moving the plant pole to the real axis, as the classical PICCD does, it is also
possible to match the complex pole of G 4,(s) by a complex zero in the controller. Thus,
the complex vector Pl controller was proposed

= In case of plant parameter mismatches, the closed-loop frequency response with the
PICCD would be more degraded around hw,, i.e., at the vicinity of the frequency to be
controlled, whereas with G_p(S) it would be altered around O Hz, which is more

favorable.
s Kp, + Ky, + jho 1 Kp, sL4+R-+ jho L
GCPI;!(S) — ! h h Kh
A (v}

/ Gqu {:*Sj - GCPI;, (S) \

= :  Delay

i :@ I Gqu(‘S)

i ; : JE _, B e i

jho L | e 110075 s PWMy, (s)H—1+ UGLAR) dq
1/s i » -

- F. Briz, M. Degner, and R. Lorenz, “Analysis and design of current regulators using complex vectors,” IEEE Trans. Ind. Appl., vol. 36, no. 3, pp. 817-825, May/Jun. 2000.

- H. Kim, M. Degner, J. Guerrero, F. Briz, and R. Lorenz, “Discrete-time current regulator design for ac machine drives,” IEEE Trans. Ind. Appl.,vol. 46, no. 4, pp. 1425-1435, Jul./Aug. 2010.
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Decoupling in DSRF current control

= Decoupling Between Orthogonal Axes in Double Synchronous Reference Frame
Current Control.

= In case of imbalance, the single SRF is commonly replaced by PI controllers in a pair of
SRFs rotating with opposite sequences, which is known as double SRF control
(DSRFC).

Positive-sequence SRF

e e e e e e e s e e T o S e AT T i

| -+l jwyLKy/sH PSFFCICV. |

i o ; T :

! l —P . e ]

: L |_‘ Gpy(5) i

L e_jg+ DSRFC-1 |~ 5

B L Y
e Llg e

of ___ Negative-sequence SRF Vo o

i D : I o

> joLKy/shPSRFC1CY

E qu E|—=—.GPI(S) > H—> é*‘jg_ i

T DSRFC-1 "|_| i

e’ | :

: e .i 3 i________f :

; lq AL oirc s ;

A. G. Yepes, A. Vidal, O. Lopez and J. Doval-Gandoy, "Evaluation of Techniques for Cross-Coupling Decoupling Between Orthogonal Axes in Double Synchronous Reference Frame
Current Control," in IEEE Transactions on Industrial Electronics, vol. 61, no. 7, pp. 3527-3531, July 2014.
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Decoupling in DSRF current control
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= It is generally assumed that the state feedback decoupling strategy can be applied to
decouple the cross-coupling between the orthogonal axes of each SRF in DSRFC, as
for a single SRF structure.

= SF technique does not produce a noticeable improvement in DSRFC, because the
terms added to each SRF interfere with those added to the opposite-sequence SRF.

= It has been demonstrated that the CV decoupling strategy, when applied to DSRFC,
provides an enhancement in axes decoupling for low bandwidth values.

P05|t|ve -sequence SRF

"'""_]&)ﬂLK !S,_‘DSF{FC -1CV

i qu i L +j9+
: ul
i o Wik

DSRFC-1 !

1

T L 1

B e D n e R R R S +
] r- 1

Negative- sequence SRF

1
i r"‘E]ﬂJ'gLK fT"1 DSRFC-1CV E
e eSO LR A i
: Id I L 'l o —
: q : +H6 | N Plant
1I ‘“j 3‘ | GPI(S) + € : ' ~ VD:B
_:_.Er .= ! T * GPL(S)_
I Id DSRFC-1 i
1' _________ g _____________________________ 1 -
= -= i - -
{ - T Laf
0( i —
g Spiljogl] | =0
i ¥
i i .
A. G. Yepes, A. Vidal, O. Lopez R ——— Synchronous Reference Frame
Current Control," in IEEE Trans Cancellation of DSRFC-1SF decoupling branches

jdoval@uvigo.es ENERPY 2019. August, 2019 29



mailto:jdoval@uvigo.es

UniversidaaVigo

APET Applied Power
Electronics Technology

T Research Group

Proportional resonant controller

labe

+

i —| |+ véd d+_]q VCH]JC
177N dg _ q 1/
mr d+iq | —| 1/s * - abe | /17

Ve
PLL 2 s
—>| 4+
gh}
TR d+iq 11
7 abc 1 _
vcabc

(a) Double SRF with classical PI controllers (with cross-coupling decoupling (PICCD)) and Park transforms.

R J
e — _ Ia_|3':| e 'Ip/h ﬂ Veap | atip Ve
= A O + ’

Gy, (5)

5 i abc
b s*thiw?

(b) PR controller and Clarke transforms.
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Proportional resonant controller

With the aim of regulating different harmonics, several PR controllers can be
implemented in parallel, yielding to the following expression.

Gpr(s) = Kp; + Z thg—
h=15.7...

Kpr =Y =157 Kp,

In order to compensate the time delay at the vicinity of the resonant frequency, a delay
compensation technique may also be added to these controllers. To compensate
system delays, the zero at the origin can be displaced, so that a phase lead ®, is

introduced at the vicinity of the synchronous frequency.

s cos(0),) —h; sin(0))
s2 + 1120)%

GSR;1 (s) = Kp, + Ki,
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Proportional resonant controller. Discretization

= Effect of discretization method (design from S-domain). Depending on the
transformation method, different Z-domain transfer functions are obtained from transfer
functions of the form R(s)=s/ (s?+w?).

Discretization method Transfer function
_ sin(w, T) 12
Zero order hold RZ(}"I?(é) - (L1 = 1—2*._]((305((;9?"5)4‘2_2
—1_ -2
Forward Euler le' (Z) =1 1_22—]4_%2—24((9{2)?“52_‘_1)
l__—l
Backward Euler Rb(z) = Tg : (@2T2+1) {2__1_‘_(_2
o7 8
o -z
Trapezoid (Tustin) R;(z) = 2T - — —
;( ) S (02T244)+7 1 (20272 —8)+272 (02 T2 +4)
. T B
Trapezoid with pre-warping Rrp (Z) — smgg){) 2 "1 CIDSEU} Ty)+z
(o] — & ods
_ _—]_4—2
Zero-pole matching Rz;}m(Z) - Kc.f |—2-—1 cos(w, 1)+~

_ _ l—z7 " cos(m,T;
Impulse invariant Rim;_;(z) — TS‘ 101 cos(u)( TO)_& =2
e oty g

= Poles and zeros are mapped to different placements. Since the resonant filters are very
selective (narrow peaks), it is important to assess which method is more advantageous.
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Proportional resonant controller. Tuning

Kp=68.49 K7,=1000
Kp=34.24 K7,=5000
p=34.24 K,=1000
(p=34.24 K7,-0

Kp,=22.83 K1,=1000

—
KL 7

.

Magnitude (dB)

-135 %&;

y Margin

Phase (deg)

I 1 I I 1 T 1 1 I L I L
10 fi 10° 56 A 10°
Frequency (Hz)

Figure 1.11: Open-loop Bode diagrams G, ; (z)™! GES;' (z) obtained with PR controllers with-
out delay compensation, for different Kp; and Kj, values. The phase margin and crossover fre-
quency is only indicated for those cases in which Kp, = 34.24 (it is practically the same for the
three Kj, values). Parameters: L = 10.9mH, R =1.9Q, f; = 10kHz. h € {1.5,7}, fi = 50Hz
and K]l = K15 = K17 = th.
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Proportional resonant controller in SRF

= In three-phase systems, the most common current harmonics are negative-sequence
6k-1 harmonics and positive-sequence 6k+1 harmonic components, with k € N.

= Each pair of positive-sequence 6k +1 and negative-sequence 6k-1 harmonics is
combined into a single harmonic of order 6k when expressed in fundamental (positive-
sequence) SRF.

= Both harmonics can be tracked by a single resonant controller tuned at h = 6k in
fundamental SRF.

1 @ Positive-sequence

-

I

thio=1 Ha=T hi,=13  hf3=19 hf4=25
WRRERE AEAR

3 . .

LY sf
‘\\ filzll‘“ !

[

™

!
-,

—

- - Homopolar axis
Reference | P

vertex ,
]
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Control of grid-connected converter with LCL Filter

= Critical frequency. Ratio f./f

res
= They are unstable when LCL filter
fS . . . - - I
" fres < /6 and grid-side current is controlled or L .
2 1 .
. . 3!
= fres =75/, and converter-side current is controlled o—/ Q000N ——/T000 >
2.5mH 2.5mH
= Therefore they require additional damping mechanisms. 15F —— C
u!, Vg
Regions of active damping control for LCL filters Regions of active damping control for LCL filters
50 1 50 i
Low resonant I High resonant Low resonant I High resonant
25 frequency region : frequency region 25 frequency region : frequency region
—_ 0 , —_ 0
/M /M
= \ =
— 25 . : \ ~ =25
ritical resonant ! !
A5 —50 frequency \."‘ A5 —50 i
I Unstable when controlling
~75 o — —— | ~75+  the grid-side current. I
Jres o/ (LJLa)C : \ g : \
~100 ™ ~100 - N
10 fe 100 fs/6 fs 10k 10 fe 100 f./6 o 10k

S. G. Parker,B. P.McGrath, and D. G. Holmes, “Regions of active damping control for LCL filters,” IEEE Trans. Ind. Appl., vol. 50, no. 1, pp. 424-432, Jan./Feb. 2014
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Grid-connected converter with LCL filter. Passive damping

= Simple passive damping of the LCL filter involves placing a damping resistor in series
with the filter capacitor. As the damping resistor size is increased the stability is also
increased but the LCL filter effectiveness is decreased.

= LCL filter design. Passive damping.
= Rdmin < Rd < Rdsw
= Typically, Rd value is chosen as one-third the impedance of the filter capacitor at the resonant

frequency.
1
[ Rdsw — Y~ a_r \
-"fQﬂ-fS'W' 1 1
; & - Rd Py
= lf L; 1 L, f ( 1 ) 3 27 fresCy
dmin — 5 Js —
3 L+ L 6m L res C Wres
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Grid-connected converter with LCL filter. Passive damping

= To overcome both the loss aspect and the reduction in filter effectiveness of passive
damping, several improved passive damping networks have been proposed.

(a) Parallel inductor.

(¢) Parallel LC resonant shunt. (d) Parallel inductor and capacitor.

S. Parker, “Discrete Time Current Regulation of Grid Connected Converters with LCL Filters”, PhD Thesis, RMIT University, 2014.
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Grid-connected converter with LCL filter. Active damping

= Active damping can be achieved by feeding back a signal proportional to the output current of the
converter or to the capacitor current. In effect, these feedbacks emulate the presence of a virtual
resistor, connected in series with L, or C, respectively, resulting in the damping of the resonance.

LCL filter

= An alternative method to feedback the capacitor current is to feedback the derivative of the capacitor
voltage with respect to time. While both approaches are identical in continuous time, they differ in
discrete time, and many times the damping is not possible when the resonance frequency is low.

= Damping techniques based on capacitor voltage feedback would however demand a noise-sensitive
derivative term. Digital implementation of this derivative term is generally a challenge.
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Grid-Connected Converter with LCL Filter

= Active damping by means of the capacitor voltage

Iyef

F(s)

="V

H(s) <

’ - ) {he negative-real-part region about w = ws/6
F(S)(?‘Tef - 3') +H('5)E can be eliminated by modifying the “active
damping” with a compensation filter Hc(s) as:

H(s)=sKH.(s)

Uref — —

(H(s) = sK )

$2 + 2C,w,s + w?
HC(S) — 9 9 . 2
_Br - “Jﬂ’ch

L. Harnefors, A. G. Yepes, A. Vidal and J. Doval-Gandoy, "Passivity-Based Controller Design of Grid-Connected VSCs for Prevention of Electrical Resonance Instability”, IEEE
Transactions on Industrial Electronics, vol. 62, no. 2, pp. 702-710, Feb. 2015
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Grid-Connected Converter with LCL Filter

= Active damping by means of the capacitor current

F ('5) - Lref

18

e tadi )

Uref = _F(-q)('iref - ‘3) -+ H’E(S)(’:Q _ 5) w2
H(s) =sKH.(s)

SCQ (’39 — I_v') H ( ) '5,2 + QCZ[UZS + wg
S5) — =
- 52 + 2(pwps + w2

Hi(s) = sC, wp =0.lws w, =02w, (=2

K ¢, = 0.875 /

L. Harnefors, A. G. Yepes, A. Vidal and J. Doval-Gandoy, "Passivity-Based Controller Design of Grid-Connected VSCs for Prevention of Electrical Resonance Instability”, IEEE
Transactions on Industrial Electronics, vol. 62, no. 2, pp. 702-710, Feb. 2015
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Contents

m Background of microgrids

m AC current control of grid-connected converters
m  Plant model
m Interface filter
m Classical controllers

= Limitations of classical current controllers
m State-space based techniques applied to current controllers

m AC voltage control of standalone or weak grid-tied converters
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Limitations of previous classical current control methods

 Classical controllers do not have enough degrees of freedom to completely control the dynamics of a

high-order plant model.

» Sensitivity function S describes the transfer function from external disturbance to process output. The
sensitivity function tells us how the disturbances are influenced by feedback. Lower values suggest
further attenuation of the external disturbance.

» Higher values of the system sensitivity correspond to a low robustness to plant parameter variations and
a low disturbance-rejection bandwidth.

_____________ i
r | .
| | P—— \‘ S =
i —{ RCE? ! : 5(; 51
! i ug o pwnm | —= &ﬁ
| | i N
| | | |
| B RO | | —
: : q ) Unknown
E ! Compu. grid impedance
| ! delay PWM and VSC LCL filter and grid voltage
| P ROE! ' N N
| : — s ~ —
: i ! :
| | | |
1 : \: Ug u;[ RE’%% i 12 Lz (e Ll 1 PCC
+/ : > Kp,i + h > z_l T ZOH . 1
= | I ! l
C " J : !

Current

i1 controller

Nominal model of the physical plant
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Limitations of previous classical current control methods

» Appearance of peaks in the system sensitivity function. The designer has little control over the width
of the low sensitivity frequency regions.

e S < 1:disturbances are reduced. S >1: disturbances are amplified by the feedback.
» Sensitivity peaks. Narrow low-sensitivity frequency regions.

 Stability depends on filter parameters and sampling frequency.

» Low robustness to plant parameter variations. Low disturbance-rejection bandwidth

Three PR controllers tuned at +f,, at —=5f, and +7f,, and at —11f, and +13f,

2 |Smax‘ = 8.6 il
S(f) ==+
1 l1
S 0 -~
Y
g -1
_2 ,
R S B of 2 LI & S
o e) I~ — = o= o (=) o) —
[xp} (o] — — e} I~ — — | [ap]
_3 | | | | | + + + 4+ T
—f/2 2k -1.5k —fres  -500 0 05k  fres 1.5k 2k fs/2

Frequency (Hz)
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Limitations of previous classical current control methods

Regions of active damping control for LCL filters
50 i
Low resonant ' High resonant

Conventional transfer-function-based controllers have stability problems oo ) oo
when controlling a VSC with an LCL filter. '

They are unstable when
*  fles =f</ 6 and grid-side current is controlled or
fres 2f s /6 and converter-side current is controlled.

Therefore they require additional damping mechanisms. o 1o Y T Tok

» They do not optimize the transient response in terms of speed, overshoot, or axis decoupling: frequency
response is not flat.

» The designer cannot achieve a flat frequency response from reference to output, which ensures a fast and

damped reference tracking response, with negligible overshoot or axis crosscoupling.
— fres —11fg _ng —fg fg +7fg +13f8' + fres

IT(f)

_f.)2  -2000 1000 0 1000 2000 f./2
Frequency (Hz)
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Limitations of previous classical current control methods

Is it possible to design a linear current controller that overcomes these limitations?

« A controller with the following characteristics:
» Fast reference-tracking and disturbance-rejection capability with negligible overshoot.
« Simple design process irrespectively of LCL filter values and sampling frequency.

« Stable and robust operation without additional damping methods even in the presence of plant
parameter variations.

o . p
u d,abe 12, abe U abe 11,abe PCC
Vde — ‘I
Firing
signals
il,ab(: —
. 1d-gi A
i Grid-side
g
current controller k
Ug._abc
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m Background of microgrids

m AC current control of grid-connected converters
m  Plant model
m Interface filter
m Classical controllers

m Limitations of classical current controllers
= State-space based techniques applied to current controllers

m AC voltage control of standalone or weak grid-tied converters
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Space-state current controller

* In order to design the proposed controller the first step is to calculate a model of the
physical system.
» A state-space model of the plant is calculated in the stationary frame.

* The model describes the following elements:
» The LCL filter, including estimated ohmic losses from the reactive elements and the VSC.

* The computational delay.
 The PWM delay.

| Vg,abc
Ud,abe 12,abe Vabe 21,abc
Vdc —_ _@ L L oy
2 R 1 Ry | "
T Ll .1 [ ZOH
Rc
Firing T 1,abe g,abc
signals — ,
- State-space resonant control |
'I’l’dq ﬁ p Al
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Model of the plant for the compensator

R, . Li pcc

' R . Lo
U z_lgd‘ZOH Ud'\NQ\I Zg_rm V a4 ’L;m

Lc
dx(t) ! _R —i 1 rT
= 0 T2 (1) +0 & f| )
at CR.Ri—L; Ly—CR.Ry —(Rc L1+R Lo) \ — Y
CLi CLa LilLy B
A

i(t)=[1 0 0]x(t)  x(t)=[i1 is '1"]T
C
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Model of the plant & disturbance for the observer

= A sinusoidal disturbance w(t) of frequency w, which contains both sequences (two
complex conjugate poles in its model), is a solution of

d*w(t
—dtz( ) _ —ww(t)

= The previous plant model is augmented with the disturbance model in order to include
the resonant action.

ekt D) _ [Fa Galla] Pa(h) | [Gal

r(k+1) 0 Fq | lrk 0
N — AN ~ ) S y
x3(k+1) F3 x3 (k) Gs

. o Xg(k)}
%1(]6) = [Hg 0] {I‘(k‘)
Hs N —
Xg(k‘-)
. T
Xg(k) — [21 o U Uqg T1 ?“2}

r(t) = [r TQ}T = |w dw/dﬂT
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Space-state current controller. Controller architecture (I)

Two main components (principle of separation of estimation and control). The design of the
observer and the design of the compensator is performed independently

Plant

7
Sat. F2,G2, Ho ! >

The compensator provides:

- Consistent and fast ref.-track. response.

- Low controller effort. Usat

- No overshoot.

The observer provides: P 27t [{Fra — Kolta
- Good robustness to disturbances and
to variations in the grid impedance. | K
o ﬁ‘
z_l
This controller structure avoids wind-up problems. Gr - KuCla
The above properties are guaranteed .
irrespectively of the LCL filter used and the 271 HFbb — KoFap
sampling frequency f, provided that fres < f5/2.
2o Equation (3)

it Reduced-order observer
Ko = | .
Xzb
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Space-state current controller. Controller architecture (I)

Two main components (principle of separation of estimation and control). The design of the
observer and the design of the compensator is performed independently

ro(k) = i1(k)

Xb(k?): [’ig U ugqg M T’Q}T

\_

s

|:[Ia(k‘|‘l):| - |:EL(_L :| |:qu(
xp(k+1)] ~ [Fba Fobl [xb(k
xg(?:le) ];‘FB X??r

-

N 7
X2 = | A 1
X2b

|

Sat.

Plant i
F2= GZ; HZ |

Usat

z_l H Fba — Kofua

Ko

G’b - KoGa

21 HFpp — KoFap

Equation (3)
Reduced-order observer
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Design using pole placement

= The plant model has four poles.

o LCL filter: 2 resonant poles + 1
real pole at zero freq.

o Computational delay adds 1
pole at the origin of the z-plane.

= The compensator and the observer
are designed using the pole
placement method according to a
radial projection of the resonant
poles of the plant.

X Open-loop poles
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Design of the compensator

« The resonant poles of the plant are
moved to a more damped region using a
radial projection.

e The delay pole is kept in the same
location.

« The DC pole is moved to a higher
frequency and set as a dominant pole
with the desired bandwidth. But a
frequency fdom < fres/2 is recommended
for the dominant pole because it ensures
a negligible effect of the damped
resonant poles on the system response

X Open-loop poles @ Closed-loop poles
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Design of the reduced-order observer

= The model of the plant and disturbance
for the observer has six poles.

= LCL filter pgfs _ otiwresTs
pgz =1
= Computational delay
pg =0
= Resonant action
pgfm = etiwgls

= Now the pole assignment is not restricted
to yield a low control effort, because the
observer does not drive any actuator, but
simply calculates the state of the system.

= On the other hand, the observer poles are
moved to a higher frequency, in order to
ensure that the dynamics of the system
are determined by the dominant pole

X Open-loop poles
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Design of the reduced-order observer

= Now the pole assignment is not restricted
to yield a low control effort, because the
observer does not drive any actuator, but
simply calculates the state of the system.

= The reduced-order estimator eliminates
one pole, making the response faster.

= A larger bandwidth can be set, and it is
advisable to place the observer closed-
loop poles at frequencies higher and
damped than that of the dominant pole of
the compensator so as to provide similar
dynamics to those of the compensator
alone.

= Moved to twice the frequency of the
dominant pole.

p?l — B_deOﬂlTS
X Open-loop poles @ Closed-loop poles
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SS Current Controller. Robustness Analysis

High robustness to variations in the filter
parameters and the grid inductance.
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SS Current Controller. Experiments

*  20-kW VSC Tests:

*  V,c =400V * Reference tracking

* Vpec=700V « Disturbance rejection
* fi=fow=25kHz and f,/6 =417 Hz e Parameters variation

* faom = 150Hz
* Two LCL filters f,..; higher/lower than
fs/6 % LCL filter V) abe
1. FilterI: f,.s = 330 Hz oL teble

Vye — = [t _
2. Filter II: f,os = 707 Hz ’ *@ T @

—.—II I
Firing =
signals
PWM 21 cabe ;
I"f/_r‘,t.n.t'u:
Ugbe —‘]
abe 4
u_b( (fb(.’
,. PLL
af3 o
E .
= u Compensator -
“1.dq T e?? — & Observer K - S o—if 5 i1.dg
2 Cf. Fig. 3|
Three-phase
ac source NI-sbRIO digital controller
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SS Current Controller. Ref. Tracking

= Reference step i, ,, in the positive synchronous
frame dqg*.

= Experimental and simulation waveforms (i; 4,. and
IS™, 4q+ respectively).

= Dynamics equivalent to a first-order system.

= Rise time of approx. 2.5ms.

Tlo%_gg% = In ‘9‘ /(Qﬂfdown) = 2.33 ms

: -sim T b
W,d4s 2 gy g gy [

..’..:’

gty Higps Tt R
2A/DIV |
BB P piainnnnagk

H,dty T Har !

oA/DIV] LT

[ SRR

. -s5im - % [
Mgt g4 gt |

ZA/DIVEIW:””;”H:””:””j

LCL filter 1l |

5ms/DIV
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SS Current Controller. Ref. Tracking

= Reference step i, ., in the negative synchronous
frame dg-.

= Experimental and simulation waveforms (iy 4q.
and is'™m, ., respectively).

= Dynamics equivalent to a first-order system.
= Rise time of approx. 2.5ms.

TlO%—QO% = In ‘9‘ /(Qﬂfdmn) = 2.33 ms

- -sim ]
Md— g st g

DA/DIV| dra e
[ R RN

: -5im sk
El’q_, Equ_, Zlaq_

oA/DIV] T

g

Uy g s 1] g oo
2A/DIVE 1 o 1 1 1 [
L e S SRR S

-sim

- -4 t
P, P1g—> Yl |

2A/D1V§””:H”:”

] g

- LCL filter Il

5ms/DIV
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SS Current Controller. Disturbance Rejection

= 40%-depth, type-C voltage sag.

= Current references are maintained constant.

= Experimental and simulation
waveforms (i 4, @and iy 4,).

= Dynamics of a first-order system.
= Settling time (2%), approx. 5ms.

Ty = —In[0.02] /(27 fuom ) = 4.15 ms

Vg,ab

200V/DIV| A\
(A

- ;sim Pt
Ayt B 1At b

Mgt ésli,rél+a gt | a4
4A/DIV S e T drar
R R Tk AR IRRIELPTL R S
i RIS
>> e
LCL filter |
'V
Voane N /N X
200V /DIV ]
e\

-
. -gim

il,d+)i§1,ré]+:ii,d+ PR SN SIS S U
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-zim | ] 1
I L T
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SS Current Controller. Refer. Tracking & Disturbance Rejection

= Robustness to voltage harmonics:
- Grid voltage with harmonics (V5 = 0.8 %; Vs = 0.2 %; V, = 2.0 %; V4 = 0.4%)

= Transient response not affected.

= Low steady-state error at the harmonic freq., mainly sixth harmonic current in dg-
frame.

Mdts 3‘511,12-[51-1- :ii,d+
5A/DIV |
L 2 g

a4 ﬁlfébrs 3lgi,qu 5
5A/DIV |
[ T =

] fesKle
sms/DIV.
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SS Current Controller. Conclusions

= A current controller of both positive and negative grid-side current sequences for grid-tied
converters with LCL filter.

= Fast reference-tracking capability with negligible overshoot.
= Simple design process independently of the LCL filter and sampling freq. selected.

= Robust to disturbances such as low-order grid voltage harmonics and plant parameter
variations.

= Avoids wind-up problems.
= Can be applied to control multiple frequencies with zero steady-state error.

= Low controller effort, regardless of the switching frequency and LCL filter used:
fres above or below fs/6.

= Robust to disturbances and plant parameter variations: voltage sags, grid voltage harmonics.
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SS Multifrequency Current Controller

» Previously presented controllers have proven to have a good transient response and inherent stability and
robustness without additional active damping mechanisms. Nevertheless, they do not completely achieve
zero steady-state error in the grid-side current at the low-order grid-frequency harmonics.

 In order to achieve this goal, the previous controller architecture is maintained, but now, the observer
estimates multiple disturbances.

Uy

* A Kalman filter is used instead of a reduced-order observer.
[\'H‘ -+
Discrete time plant model
. U Ugat
i Sat. >
- A5Sh, BESY, C5F", and xf§"
i
The observer (Kalman filter) provides: “ Predieti
rediction eq.

- Good disturbances rejection at L 1 Bt

multiple frequencies.

- Good robustness to variations
in the grid impedance.

ron |, ( )
Coaa’ [+

ZLOL Ut o

Correction eq.

Compensator Multifrequency observer
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SS Multifrequency Current Controller. Disturbance Rejection

« Why a Kalman filter instead of a Luenberger observer?
» Observer design determines: transient response to disturbances and robustness to parameter variations.

« According to Bode's integral, on average, the amplification and attenuation of disturbance is zero. In
graphical terms, this means that the red and blue regions are equal in area.

« Sensitivity function of a harmonic controller that removes the following current harmonics (+1, -1, +7, -5,
+13, -11) using a Luenberger observer with a direct discrete-time pole-placement strategy which places
the observer poles at twice the frequency of the dominant pole of the compensator.

l——\
s f = Jres —fres h—11 h—s h_1 hy hyr hi13 fres
/ T

SN = 2 i o |

’

In|S(f)]|

—fo/2 -2000 -1000 0 1000 2000 f/2
Frequency (Hz)

¥ Plant closed-loop poles 3 Observer closed-loop poles
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SS Multifrequency Current Controller. Disturbance Rejection

e Limitations of this approach

» High sensitivity (red areas in the sensitivity) at frequency ranges above the resonant frequency, which
yields a low robustness because the controller should not respond to disturbance at such high
frequencies where unmodeled dynamics are more common.

* Presence of useless low-sensitivity areas outside the targeted frequencies, which contribute to worsen
the performance at other frequencies.

* An optimum sensitivity function should have sensitivities lower than unity only at the frequency regions of
the targeted harmonics and at the resonant frequency of the LCL filter.

1

—fres h—11 h—s5 h_1 hi hi7 hi13 fres
. 1 .
|
|
|
|
|

1
|
|
I
|
|
I

—~ 07
=
!
El
—92.
—3
—fs/2 -2000 -1000 0 1000 2000 fs/2

Frequency (Hz)
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SS Multifrequency Current Controller. Disturbance Rejection

e Limitations of this approach

* In addition, sensitivities greater than one should be spread evenly in the rest of the frequency range
where the controller operates, i.e., below the cut off frequency of the LCL filter, so as to avoid sensitivity
peaks.

« From this analysis, it is clear that a better closed-loop pole-placement strategy is needed when a multi-
frequency controller is considered.

1

—fres h—11 h—s5 h_1 hi hi7 hi13 fres
. 1 .
|
|
|
|
|

In[S(f)|

—fls /2 -2000 -1600 (I] IOIOU QOIUO fsl/}Q
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SS Multifrequency Current Controller. Disturbance Rejection

» Instead of designing the observer according to its dynamic characteristics (by placing its poles at high
frequencies as shown in the previous slide), which results in a high sensitivity and a low robustness, the
proposal adopts a Kalman filter.

« This method is particularly useful in this case, where a multi-frequency observer is considered, because it
frees the designer from defining the multiple required closed-loop pole locations.

 In order to design a Kalman filter a parameter named process noise (Q) needs to be defined. The process
noise parameter sets the bandwidth of the multi-frequency observer, which is defined by the width of the
low-sensitivity regions around the frequencies of interest.

Im(z)
—1=

# Plant closed-loop poles

Observer closed-loop poles SE] fres

X Q=01% /

«*x 0.01% < Q < 0.2%

Observer closed-loop zeros

O Q=01% _ 0y
0% 0.01% < Q< 0.2% =07 .o %
A

p’.’- LAES
A gy — =
_11 ?@.u-.u-w— Sz

-~ Q=0.03%
— Q=01%

600 800 1,000 1,200
Frequency [Hz]
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SS Multifrequency Current Controller. Disturbance Rejection

* Roots of the sensitivity transfer function S(f) for a sweep in the process noise Q.

« When Q increases, the observer closed-loop poles move away from the disturbance zeros, hence
increasing the disturbance rejection bandwidth. It is recommended a value of 0.1.

— If, for example, the voltage fluctuates significantly (at the fundamental or at harmonic frequencies) a
higher value of Q is recommended to increase the bandwidth of the observer to quickly remove such
disturbances.

— Conversely, if the VSC is connected to a weak grid (where the plant parameters vary significantly
from the nominal model), then a lower Q yields a more robust controller.

Im(z)
—1=

# Plant closed-loop poles

Observer closed-loop poles SE] fres

X Q=01% yd
«*x 0.01% < Q< 0.2%
Observer closed-loop zeros
QO Q=01%
o ® e 0.01% <Q<02%

[ et

_11 :‘@.-liw

Detail of In|S(z)]|
|

-~~~ Q=0.03%
— Q=01%

600 800 1,000 1,200
Frequency [Hz]
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SS Multifrequency Current Controller. Disturbance Rejection

A controller with a reduced-order observer that is designed according to a direct discrete-time pole-placement
strategy.

—Jres h—11 h_s h_1 hy hyr hiis fres

1

1
|
1
1
|
1

1
|
1
1
|
1

In|S(f)]

—fJ2 -2000 -1000 0 1000 2000 fo/2
Frequency (Hz)

The multifrequency controller uses a Kalman filter.

—Jres h—11 h_s h_1 hy hyr hi13 fres

In[S(f)|

“fgz 2000 -1000 0 1000 2000 f/2
Frequency (Hz)
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SS Multifrequency Current Controller. Reference Tracking

» Reference tracking capability
output-error feedback structure VS state-command structure.

» Typically, classic transfer-function design adopts an output-error feedback structure.

— When this structure is selected, the complementary sensitivity function T(f) of the system is the
transfer function that determines the reference tracking performance.

— This transfer function has unity gain at the frequencies controlled with zero steady-state error;
however, it does not have a flat frequency response.

— Depending on the harmonics controlled or the LCL filter installed, the response varies because this
transfer function depends on the observer.

Output-error feedback structure

—fres 711)“& 751‘8: 7f@.' fl‘:' +7fg +l3fl§ +fres

. iS .
1 I

— /2 ~2000 -1000 0 1000 2000 Fa /2
Frequency (Hz)
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SS Multifrequency Current Controller. Reference Tracking

» Reference tracking capability
output-error feedback structure VS state-command structure.

« State-command structure.
— In this case, the transfer function that relates the grid-side current to the current reference is not T(f).

— Now the reference-to-output transfer function only contains the closed-loop poles of the plant,
irrespectively of the number of harmonics controlled.

— Therefore, this transfer function has a flat frequency response

0 fclom fres
State-command structure with the proposed s I N
H — B I 1
compensator design. —20 i | _eodm
- . SS _40 : decade
= Consistent and fast transient response. o |
ag  —60 - :
= Low controller effort. = |
S —801 |
= No overshoot. 1 10 100 1000 £

Frequency (Hz)
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SS Multifrequency Current Controller. Experimental Results

Three tests
» Reference tracking.
» Disturbance rejection.

 Effect of the observer bandwidth (param. Q) _

10-kW VSC working as inverter.
fow = 2.5kHz, f; = 5 kHz

facisource

V,
LCL filter g.abe
Ve — @W
Firing =
signals
fmmmmm | e I
' :
1
PWM 1 . !
1 1,abe
1 Vg,abc :
1
: Tuabc 1 :
| abe abe :
| Z 5| [PLL| !
I
: Ly
: . Grid-side = '
) * g 1- q ! ‘ —
1, dgt ——H etif multi-frequency y eT29 = 1,dq+ Ihree:phase
) current controller | 1
1
1
1

dSPACE controller

________________________________

el
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SS- Experimental Results. Reference Tracking

A reference step in the d axis is commanded.
 The compensator design defines the transient response:
» Fast, damped, and without overshoot or axis crosscoupling

o Zero steady-state error at the targeted harmonics

Ty1g9_opy, = 1.5ms @ i1 Linear 0.2 A/DIV @ v, Linear 2V/DIV
T T ' T T ] RS SARMEMRRAL AAMAEARARE AARRERARAS AN (AEARRASMRRREMAMAS
v o : z
g, be ,I - i : i : 13
1 | 1 I [ ol
200V/DIV ! I
L A : : : 4
| | :éﬁ
21,d4y 21,q+ | T | Q
*‘i“ﬁi+,f"‘-_'_’f_,-'+ N RN L SO S | - S
i* 90% SR | SR (NS I
51;/[)::_/ } > i A lJLL ll . l A h ; E
_________________________ 10% i : I : I : Iy <t
- _I...T...I_'..II__.II...I..._II ......T.... " . i +7fg +13fg 'ﬂi
—_ 3 1% 0% 0.0% ]
= [ L
T D 4.0% Le% L 55%  C 3.5% =
Ll
5ms/DIV Span 1.6 kHz Center 0 Hz 100 Hz/DIV
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SS- Experimental Results. Disturbance Rejection

A 40%-depth type-C sag is generated.

* Design parameter Q defines transient duration (next slide).

|4 10 ms —»| @ i1 Linear 0.2 A/DIV @ v, Linear 2V/DIV
A A S I FE : A R R e A A AL A 55 AERRRASARRASRARRS
S~ I I, ! I I - : - 1 : ] : I : =
Vg, abe o S 3 SRS S S I H S S S S : o
A __J.I_ : X G : : 1 B I . 1 X +13fq g
: 0.0% : 1 : ! : I : i :
200V /DIV | = U 0.0% 1
| g SR N 3.0% : . 1 . 1 N [ N 1 Z @
=Tfg ). 'f"+5.fg bt 2.6% u
; ; i =355 || - |l : | G - sl
Ll .d+s 1,9+ 2.2% 1.7% i
_ . SREECHE QR YA
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ol I | 1 i T ¥ ! : ! : ! ‘ ! : ! : I g <
PR SO AV  LAURURE SUOIS: (NS SIS SO SO ST : =
Z Il . : . I . —13fg  =9fg  =5fg  —1fg  +3fg  +Tfg  +11ig . ] I
hb.-—;‘-.pj VP PP I NP 1.0% 0.4% 0.0%  0.0% 1.1% 0.0%  0.9% F)
' . ! T I : I ] o ' . - v - ' @
; | ; : 1 - ' ' ' 0.2% 0.1% 4.9% 32% 0.6% 41%  0.3% G
5ms/DIV Span 1.6 kHz Center 0 Hz 100 Hz/DIV

jdoval@uvigo.es ENERPY 2019. August, 2019 74



mailto:jdoval@uvigo.es

. . . Applied Power
Ul’llV(-:I"Sldade\/lgO APET P;i;rzl1:1li$i‘:rlilrolng}-

T Research Group

SS- Experimental Results. Observer Bandwidth

* Q=01% ° Q=001%

[« 10 ms - |- 20 ms >

T T .

Vg,abe [ N | I Vg, be | i }
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SS Multifrequency Current Controller. Summary

A multi-frequency current controller based on a Kalman filter for grid-tied converters
with LCL filter.

« Consistent and fast transient response.
* No overshoot.
« Simple design process.

 The above properties are maintained irrespectively of:
- The LCL filter used.
- The number of current harmonics controlled.
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Contents

m Background of microgrids

m AC current control of grid-connected converters
m  Plant model
m Interface filter
m Classical controllers

m Limitations of classical current controllers
m State-space based techniques applied to current controllers

= AC voltage control of standalone or weak grid-tied converters
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Importance of a robust AC voltage controller

Robustness to load variations. Load can experience large variations depending on:
» The mode of operation: stand alone or grid connected.

The type and number of loads and power converters connected at the PCC.

Load not included in the nominal plant model used to design the controller.
Load changes introduce unmodeled plant parameter variation that can:
» Degrade the transient response

» |ntroduce steady-state errorsin v_g
» Cause instability.

f Weak grid
VSQC LC filter PCC /_/H
Ude —F/ _@} —#— 000 ¢ @ Unknown
i) delay PWM and VSC LC filter load
e £ AC - =N 3 ——
— I
~ load : ;
w mEElEE L
Firing signals —_ u ot Ya | 70H d ! 7 C o
— —_— 7 1 7 1
’U* v e Z]()H.(l.
B . ; "
C E AC voltage controller with |, C,abc

harmonic elimination

Nominal model of the physical plant g =
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Previous literature of transfer-function-based voltage controllers

* Double-loop controllers: LC filter and Load Model
- Unstable when fres = fs /6.

%o
v* i* — 5 —
c Voltage | "L Current 'L S S
Contr. Contr. s sC

LC filter and Load Model

&

» Single-loop controllers: to
v* 0
- Unstable when fres < fs/ 4. £ i 1L g

&
»
Q

Voltage
Contr.
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Performance of double-loop voltage controller. Disturbance rejection

Not enough degrees of freedom to

i FFET o FFFS
remove sensitivity peaks. P ARy f
2] |Smax| =6.9
1 <= Amplifies
S ' disturbances
% 0.5 1
04
—-0.5

“fJ4 -2k <15k —fres 500 O 500 s\ 15k 2k /4
Frequency (Hz)
v,
R of Compu. T LC filt Unknown
! e del an er
, a o R A o Attenuates
o : , i disturbances
c | ug R%E) RBP4 Lo o

A i Z‘P
T e ! Rci Z1oad
o Voltage iz | Current e c
controller controller Ry, $
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Block diagram of the SS voltage controller

e Linear design.

e State-space controller: )
* . s ) c
— Observer uses a Kalman filter. e  Sat. » Plant model
* Inherent stability and robustness
with simple design. Usat
Y ¥
— Compensator uses a pole placement _
technique. L
. = Overcurr.
« Good transient response. h 3 protect. [*]
'UA) Xplant Q?
-
Proven solution applied to a current " 1
. . 1L
controller for a VSC with an LCL filter. + ) = S Ko
Sys
Wn, Correction eq.

Compensator  Multi-frequency observer
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Performance of SS voltage controller. Reference tracking

The compensator uses a discrete-time pole-placement design:
. Damps the resonant poles: p2 5 p€! and p9! > p¢!

. Establishes a dominant pole: p??l - pgl

ft‘) fBW frea
m 20 vglfo) | — 4
E ve(fo) i
© 0 - - > Y - —3dB
3
R
=
¥ —401| . {%} —0
© Zero = o
v _60 |
¥ Open-loop poles T e
% Closed-loop poles :
OO g, I
o W
‘%’ —180° —~— Continuous-time .
,_Dq"'f open-loop plant o
Discrete-time delay
_360° - closed-loop system —
delay
10 fo 100 1000 fa
)

Frequency (Hz)
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Performance of SS voltage controller. Disturbance rejection

ZL < 1
e Zgut = ZL //ZC ZCl —
3 : out OU.t
Load f x
Controller LC Filter
—11fo  =5fo —fo +fo = +7fo  +13fo Resonant action at frequencies —11f,, —5f0, +fo, +7f0, and +13f,
100 - 2 |
|-L"111<'1x| = 3.1
g 10 - i 0
E %
=
0 - 1
N g 4
-2 s
7 2
0.1 - ! 3 [ N -
_fres _fs/2 -2k 'lk_fres 0 fres 1k 2k fq/2
Frequency (Hz) Frequency (Hz)

jdoval@uvigo.es ENERPY 2019. August, 2019 83



mailto:jdoval@uvigo.es

Ul’livel"sidade\/igo APET Applied Power

Electronics Technology

T Research Group

Performance of SS voltage controller. Disturbance rejection

The observer uses a Kalman filter:
« Simple design.
* Robust system.

Resonant action at frequencies —117,, —5f4, *fo, +7f0, and +13f,

2 .
| Smax| = 3.1
S0
o §
g 11
_3_ g - 2 2 "
—fs/2 -2k -1k — fres 0 Jres 1k 2k fs/2

Frequency (Hz)

fs
+_
Bode’s Theorem: stz In|S(f)ldf =0

If sensitivity to disturbance is reduced at some frequency range, it is
necessarily increased at some other range.

T~ Roots of the Sensitivity
Transfer Function S(f)
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Performance of SS voltage controller. Robustness to load changes

. . . . Resonant action at frequencies +f,
Low disturbance-rejection capability. ﬁ

+315,

3

=

o
I

+lgj()

Maximum robustness to load changes.

+2

_f5/2 2k 1k —‘fres 0 . 1k 2k ful2
Frequency (Hz)

and +13fg

Good disturbance-rejection capability. —_—  Sinth ot uh Ecmp e Tt ~ it B

Robustness to load changes diminishes. S
n
ER
=D ?
:‘l‘.
—3 ‘
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Frequency (Hz)
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Performance of SS voltage controller. Robustness to load changes

Resonant action at —11f,,.

Resonant action at —17f,, —11f,,

Resonant action at +f, —5f0, £fo, 7fo, and 13f, —5fo, *fo, Tfo, 13f,, and 19f, .
Tonns [0S]
0Q 50 100 50 Q 150 Q 02 50 10Q 509 150 ©2 02 50 100 500 150
T T T T T T T | T T T T T
10 [~ — 0.5H
) ] [
i~ S 3
13! I © 2
= 8 2 ]
= 5 3 P ~ 0.2H 2
= S > =
4 & i
7 ) % ® 0.1H
? J N i ,‘ 4,0 ,?0 40 — 50 mH 00
D_-‘ ! ;f\ B oce& o“’& 009&
g v v
Tg gt R ~{ 20mH
& e \ \
>< \Rated \Rated \Rated J10mu 50
8 l‘ load ‘I load load
= -———————T——bcosgﬁ:l— —--————-l——bcosqb:l—- = — —p» cos¢ = — OH, oo F
S ! ! - 1.0mF
! -
é B ~ " ,’ 0.5 mF 20
~
7N — 0.3 mF
o) > - £
N
| 10 \Q@ \o_e O — 0.2mF
o o 10
2 Yj:a' 50 uF
= W
(]
% ‘G o 5
= o
5 l (8] w
I | | | | | ! | | | | o 0
0.5 1 5 10 0 0.5 1 5 10 0 0.5 1 5 10
Resistance Rjpaq (p-u.) Resistance Rjoaq (p.u.) Resistance Rjpaq (p-u.)
86

jdoval@uvigo.es

ENERPY 2019. August, 2019


mailto:jdoval@uvigo.es

UniversidaaVigo

APET Applied Power
Electronics Technology

T Research Group

Experimental results. Setup

Tests Base values: P, = 10kW, V,gys = 230V, f, = 50Hz.
1. Disturbance rejection. VSC: f., = 2.5 kHz, f, = 5 kHz.
2. Operation in a weak-grid. LC filter: fres= 581 Hz, L; = 2.5mH (5%,), C; = 30uH (14%).
Nonlinear load: 3-phase full-wave thyristor rectifier (DPF = 0.3).
Grid: 10.5% THD.
Z¢, = 0at—17f,, —11f,, =5f,, f,, +7f,, +13f,, and +19f,.
Weak grid
! LC filter s Vg
1 ‘ : L dSPACE controller
vdc_— —I -
- Maan " Y
N Grid
Firing DC source P
signals impedance
___________ hE A
' dSPACE . :
U cospitunliog : Nonlinear
1 I ]
1 1 Load
1 T N 1 7 [
: abe Overcurrent abe :
1 af protection af :
E Vsat :
: sa :
; H etd > i ' | FF’ B ac source
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Experimental results. Disturbance rejection

Load step
Nonlinear load: 3-phase full-wave thyristor rectifier P S VRN
(DPF = 0.3). e ' ] ' |
200 V/DIV . PAD 3

Load step ==~— 05 100% =~ 100 - 0%

100 - T R R R el
“e;?:.o s COlaas, 1 ‘ R B e
] \ “)@,_ "‘LQ 20,abc 1
3 o % -'~..+ Class. 2 i : - ~F
— . \ N 4A/DIV .
X, 901 %° —~— Class. 3 L ——— 1
'.: U e k W'
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e 01 Nonlinear load step (0 — 100 %)
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9 //-_ —-I_ — —20% VC,abe
= L e o e e e e Sy
< ] P Undervoltage 200V/DIV
* D -50 ] . / transient limit
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>

/ /

/ / y
r 4

] , IEC 62040-3
e ceneone e —— o
0.1 1 10 100 1,000 4A/1‘31v
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IEC 62040 — Part 3 Uninterruptible power systems (UPS):

Method of specifying the performance and test 5ms/DIV
requirements
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51 closed and Sp open = Sp and Sy closed
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1.0% 0.0%- 0.4% 0.0%: 1.2% 0.0% - 1.1% 1.7%: 0.0% 0.4% - Il tg,abe
,“'"f.){ .‘ 0% ; 0 I.‘% -‘l,E)'Zf } ll,h‘;)[ ,;!L,I'/“ 50 0 Gi:,-f (’I,h'/t’; 1 .I'I.I/;‘ [’I,',,?',: E 4A/DIV
i i e
Span 3.2kHz Center 0 Hz 200 Hz/DIV

5ms/DIV
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AC voltage controller. Summary

* Robust AC Voltage Controller With Harmonic Elimination for Stand-Alone and
Weak-Grid-Connected Operation

» Fast disturbances rejection capability with zero output impedance at a set of design-
selected frequencies.

» Simple design process based on direct discrete-time pole placement and a Kalman filter.
« Good robustness to variations in the load impedance.

« Contrarily to a transfer-function-based design, a stable system is obtained
irrespectively of the LC filter or the sampling frequency used.
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