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A MICROGRID is an electrical system that includes multiple loads and distributed energy
resources that can be operated in parallel with main grid or as an electrical island.

In the Distributed Generation scenario, the MICROGRID concept has been introduced as a

solution to provide high power quality and to improve the reliability of the traditional electrical
power system.
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Damping Methods for the Control of Grid-Connected Converters

In DPGS applications the grid filter has a fundamental role because since it represents the
front-end between the inverter and the grid.
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The LCL filter is used for reducing the PWM harmonics due to its good filtering characteristic.
The drawback of the LCL-filter is its peak gain at the resonance frequency.

Passive damping Active damping

N N -

Passive _damping is realized by addition of
circuital components in the system and this
method causes a decrease of the overall system
efficiency.

Active damping methods consist in modifying
the controller, they are more selective in their
action and do not produce losses but they are
also more sensitive to parameters uncertainties.
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The current control can be implemented in two different ways
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Active Damping of the LCL Filter

Active damping consists in modifying the controller parameters without adding extra losses.
Active damping methods are more selective in their action, they do not produce losses but they
are also more sensitive to parameter uncertainties.

v v

l Lead network l Virtual Resistor l Bi quadratic filter l Notch Filter

The stability is guaranteed via the control of This class of active damping methods does
more system state variables that are not need more sensors.
measured or estimated.
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Active Damping of the LCL Filter: Notch and Bi-quadratic Filter
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The Notch filter based active damping A Bi-quadratic filter has two poles and two

introduces a negative peak in the system that
compensates the resonant peak due to the

LCL filter, % @
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Active Damping of the LCL Filter: Virtual Resistor
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Active damping with Virtual Resistor consists of adding a virtual resistance in series to the
capacitor. This method introduces a virtual resistance but it does not produce Joule losses
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Active Damping of the LCL Filter: Lead Network

The Lead Network active damping method consists of the LCL filter voltage capacitor (V) control.
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Traditional Control System of the Grid-Connected Converter
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Experimental Setup
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Damping Methods for the Control of Grid- Connected Converters:

Results
Results when the Notch filter is enabled
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Damping Methods for the Control of Grid- Connected Converters
Simulation Results

Simulation results when the Virtual resistor is enabled
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Robust analysis of Active Damping Methods

Robustness is the persistence of a system characteristic behavior under perturbations or unusual
or conditions of uncertainty.

A control system is ROBUST if it is not very sensitive to differences between the real system and
the model system that was used during the synthesis and design of the controller,

4

In order to analyze the robust stability properties it is necessary to define a sensitivity function

1
1+C(jo)G(jw)

¢

C(s) is the controller transfer function

S(Jw) =

G(jw) =G, (jo) +5G(jw)

A high value of S(jw) indicates that the Nyquist diagram is near to the unstable condition.
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Bode Diagram: Notch filter (a)
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Robust analysis of Active Damping Methods

Bode Diagram: Virtual resistor (b)
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The Virtual Resistor method and Lead
Network method are more robust than the
others active damping methods because
the resonance peak by the sensitivity
function (S,,) is smaller than Notch filter and

Bi-quadratic filter.
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Comparison of the active Damping Methods Based on the Dynamic Performance

The dynamic performances of all the presented active damping methods have been investigated.

Margin Margin Settling Overshoot Pl
Gain Phase Time proportional
gain K,
[dB] [ [ms] [%0]
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without active 1.01 ¢ ' ' — Notch filter
. : —Virtua resistor (2 ohm)
dampmg : : — Lead network
i 121 : : : — Biguadratic filter
Notch filter 2.71 ] i —No active damping

Virtual Resistor
(2 ohm)

1.83

Bi-quadratic filter 1.24

The Virtual Resfistonqifesuks the best £ | é
solution both i T & Ho I W N R N

response and ovelshpot, iR Rethods||\gdarantee better dynamic .
the Lead NetworKerfagiascedHEdhet to thefdighe of detuned controller. e

slower than the first one.

0.2

| ‘ | |
0 0.9 1 1.5 2 29 3 3.5 4
Time (sec) %107



https://www.google.it/url?q=http://ftp-dee.poliba.it:8000/&sa=U&ei=pDlWU4CZCsiNtAatwIGwBQ&ved=0CEAQ9QEwCTgU&sig2=dB8JLORBoRoyJtozE3imtA&usg=AFQjCNE94zQQlrEGUjta_1LnVEu9ulQPwQ
https://www.google.it/url?q=http://ftp-dee.poliba.it:8000/&sa=U&ei=pDlWU4CZCsiNtAatwIGwBQ&ved=0CEAQ9QEwCTgU&sig2=dB8JLORBoRoyJtozE3imtA&usg=AFQjCNE94zQQlrEGUjta_1LnVEu9ulQPwQ

POLITECNICO DI BARI

Control and Interconnectlon Issues of AC and DC Microgrids

Simulation Results about the Dynamic Performance of the Actlve Damplng

Active power reference step from 500 W to 2 kW

(a) Current Id - Notch filter

Methods
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Grid current in case of active damping insertion

Instability 4 Enable active damping

(a) Grid current - Notch filter

time [s]

5 -—
~ T T T T
T4 e z T
=3l | =
g2t 1 :
S S
o1 4 a-
1 1 1 1 1 5 ' 1 1 1 1 1 1
0%99 0.3985 04 0.4005 0.401 0.4015 0.402 6398 0} 0.402 0.404 0.406 0.408 0.41 0.412 0.414 0.415
(b) Current Id - Virtual Resistor ! (b) Grid current - Virtual Resistor
5
5 T T T T T i
T4 z :
Zal ] = 75y ¥
£3 = !
g2k § § of
8 ! 1 1 1 1 Il ) 8 o !
o 1 1 1 1 1 1 1
0%99 0.3985 0.4 0.4005 0.401 0.4015 0.402 EJT'_’:QB D:4 0.402 0.404 0.406 0.408 041 0.412 0.414 0.415
(c) Current Id - Bi-guadratic filter : (c) Grid current - Bi-quadratic filter
~ T T T T T
Zar H
€ 3F -
g2 4
3
o1 . g
1 1 1 1 1 15 1 1 1 1 1 1
0.399 0.3985 0.4 0.4005 0.401 0.4015 0.402 E)‘.‘.’uQB 04 0.402 0.404 0.406 0.408 0.41 0.412 0.414 0.415
(d) Current Id - Lead network (d) Grid current - Lead network
gi_ T T T T T 15 T T T T
=3+ . )
g2 !
S
o1 b :
1 1 1 1 1 15 L 1 1 1 1 L L L
0‘.3399 0.3995 0.4 0.4005 0.401 04015 0402 Mham i nan? 0.404 0.406 0.408 0.41 0.412 0.414 0.415
time [s] Instability | Enable active damping time [s]
< . > (a) Current Id - Notch filter
T T T T T
< 10b,1 —
= \ AA A AUA =
1 \[ U U ]
3
= ’ 1 1 1 1 1 1 ]
3%98 0!4 0.402 0.404 0.406 0.408 0.41 0412 0.414 0.415
: (b) Current Id - Virtual Resistor
15 T T T T T T T
< 10 i
= 5 A APAL
g o i i
= ] -
° 5 ! . ' ‘ w ' ' Iy current in case of active
6%98 04 0.402 0.404 0.406 0.408 041 0.412 0.414 0.415 d
- : (¢) Current id- Bi-cuacratc fiter damping insertion (starting from
_ i T T T T T T
< 10 i . e .
<1 A A instability condition)
g o AN A 7
=3
o -5 1
R 1 1 1 1 1 1
6%98 034 0.402 0.404 0.406 0.408 0.41 0.412 0.414 0.415
(d) Current Id - Lead network
15 T T T T T T
< 10 1
<AL ]
E ofjyvumy .
3 -5 ' 4
1 1 1 L 1 1 1 |
'6%98 0:4 0.402 0.404 0.406 0.408 0.41 0.412 0.414 0415



https://www.google.it/url?q=http://ftp-dee.poliba.it:8000/&sa=U&ei=pDlWU4CZCsiNtAatwIGwBQ&ved=0CEAQ9QEwCTgU&sig2=dB8JLORBoRoyJtozE3imtA&usg=AFQjCNE94zQQlrEGUjta_1LnVEu9ulQPwQ
https://www.google.it/url?q=http://ftp-dee.poliba.it:8000/&sa=U&ei=pDlWU4CZCsiNtAatwIGwBQ&ved=0CEAQ9QEwCTgU&sig2=dB8JLORBoRoyJtozE3imtA&usg=AFQjCNE94zQQlrEGUjta_1LnVEu9ulQPwQ

DIPARTIMENTO DI INGEGNERIA

.,~"..'UTE.CN|C0 DI BARI ELETTRICA E DELL’INFORMAZIONE

Control and Interconnectlon Issues of AC and DC Microgrids

Experimental Results about the Dynamic Performanceof the Active Damping
Methods

Notch filter Virtual Resistor (R,=2 ohm)
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Universal Operation of a Distributed Power Generation System Based on
the Power Converter Control

In the recent years the Electrical Power System is subjected to a restructuring process
worldwide. Indeed, with deregulation, advancement in technologies and concern about the
environmental impacts, increased interconnection of distributed power generation units to the

main grid is fostered.

Distributed Power Generation Systems (DPGS)

74 N

Grid-connected mode Islanding modes

% 2

No interruption in the load power supply
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=Differently in stand-alone operation mode, or forming a microgrid, the DPGS are voltage
controlled and are responsible for both voltage and power control, in this case the DPGS

converters are grid-forming.

AC micro-grid
bus
,a) = . ® Z
v
Et Cv F
>
(a)

GRID-FORMING

It usually operates in islanded mode

Rosa A. Mastromauro

|

>

Grid-feeding and grid-forming coﬁverers

»Traditionally the DPGS are current controlled in grid-connected mode and they deliver a pre-
specified amount of active power into the distribution network.

AC micro-grid
bus
PC
>
ol Gy
0,
(b)

GRID-FEEDING
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Microgrid configuration: a real case study
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Grid-forming converter connected to the storage
. sttiIityK_ .
i e The AC voltage generated by the grid-forming
om0 converter is used as a reference for the rest of the
l l l grid-feeding converters connected to the microgrid.
: y (ER D
| | |
- =)
| | | House 1 } —--- o -
i ] i i i o Pater L b, Z, Y pec sTs2 s1S1 Zy e
. ) = e e — :
N— . ; T PV — : N
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Cl11T, vV
T Ve vacc LTD I pect
LTI -

Current loop

f

Voltage loop |- V

v

Synchronization System

pcc ot Vpccl wlt

Voltage reference generation
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~ ase | 9V SRF-PLL
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>
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SOGI

m  The synchronization system is based on two dual second order generalized integrator DSOGI-PLLs one is used for
monitoring Vpcc and the other for Vpec;.

m The SOGI-PLL is based on frequency adaptive quadrature-signals generation by means of the Second-Order
Generalized Integrator (SOGI) filter employed as a sequence detector in order to extract the positive sequence of
the fundamental frequency (FFPS).

m The FFPS is supplied to the PLL to extract the information about its phase and amplitude.
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components with a single resonant controller.

Magntuds (dB)
o
E

Phass (deg)
L
& e

@
= 8
W

le

O

Bode Diagram

Fraquency (radisec)

-100 [—

-150

450 (-

Resonant Controllers

= The Resonant controllers in a stationary reference frame provide a significant advantage
compared to the use of Pl controllers working in a d,q synchronous reference frame when
controlling unbalanced sinusoidal currents.
» Resonant controllers do not require the implementation of decoupling networks neither
sequence control as such controllers are able to control both positive and negative sequence

P +Resonant(s) =k, +k
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Results: unbalanced currents

» The performances of the voltage and current control are tested in case of an unbalanced load
consisting of a 0.4 pu decrement related just to one phase.

= |t can be noticed that the voltage control is not affected by the currents imbalance and that the
current tracking capability is guaranteed even if i;,* and i,5* are different each other

IN
o
o

o

Vc*, Vc in alfa,beta system [V]

i1* and il in alfa,beta system [A]
\ N
o
<)

6097 1.45 15 1.55 1.
time [s]

b)
Performance of the control system in case a load imbalance of 0.4 pu occurring at t=1.5s:
a) capacitor voltage control; b) il current control.
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Results: unbalanced currents

» The grid-forming converter behavior has been compared in case of replacement with
standard PIs (in a d-q rotating reference frame).

= No negligible voltage error occurs when the load imbalance is introduced and this error is after
propagated in the rest of the system.

ESOO vd vd*
o 400 - DY VOO vty S Al N G i W i Y A YA N A N A W TP A WA WP A WP A W A0 W WD i W AW 2 WA W
€300 T V VU VYV WWIY WYY VVY VWYY
S
s

209.4 1.45 1.5 1.55 1.6 1.65 1.7
S time [s]
S 100 |
$ O_'-;._AFT.#-. A ___._VJ_,A.IVA _Aav-v__;ﬁvwm”‘nwﬁ;_ﬁnr V\'\ A /\ A A [\ r\ r\ A /“\ /\ m /\ f‘\ /\ n m A ﬂ
> Y \\/VVV VVVVV VNV V VNV VYN WYY
‘_g -109.4 1.45 15 1.55 1.6 1.65 1.7

time [s]

d-axis capacitor voltage and d-axis voltage error in case of Pl controllers (instead of
P+Resonant controllers) and a load imbalance of 0.4 pu occurring att=1.5s
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Results: insertion of a grid-feeding converter

» |n the last case the interaction of the
grid-forming converter with other DPGS
IS investigated.

= At t=0 the system operates only with
the grid-forming converter supplying the
loads of the Area 2. At t=0.5 a portion of
the loads connected to the Area 1 is
enabled and finally at t=0.75 s the plant
PV1 is activated.

. *The plant PV1 is modelled considering

roag vonage uneasuarea on the load of the Area 2) in case that its inverter is grid-feeding and it is

part of the Area 1 load is inserted at t=0.5 s and in case of injecting a power equal to 125 kW into
PVlinsertion att=0.75s the microgrid (only current control).

ol D A AN AR
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RRRRREAE

time [s]
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load voltage [V]
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Control and Interconnection Issues of AC and DC Microgrids

Power Management Strategy: the Droop Control

S=P+Q
. Z
Active power @ 0 :>
2
P= (% cos¢—v— EV

cos@+——singsin@
Z) +Z Ingsi VZg

EZ0

* V is the amplitude of the converter output voltage;

Reactive power * E is the amplitude of the voltage at the point of the connection with the grid,;

2

Q= [ﬂ cos¢—v—jsm g+ﬂsm $coso » @ is the converter voltage angle;
Z Z Z

« Z and are the magnitude and the phase of the line impedance.

Assuming that the output impedance is purely inductive and the angle ® is small the amplitude
and the frequency of the control voltage can be expressed as it follows:

EV E* E
P—Ysing ==y Q==Fcosp-—-=—{V -E)
4° "
o o — o —mP - V=V —nQ *w" and V*. are the rated frequency
= and voltage;

*P" and Q" are the set points for
active and reactive power;

*m, and n, are the proportional
droop coefficients.

. =Q
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Control and Interconnection Issues of AC and DC Microgrids

Power Management Strategy: the Droop Control
In case of a low voltage micro-grid the line resistance cannot be neglected.

7

Active power Reactive power
E ) . _EV . .
P_Y(V_E) |:>V:V —n(P-P") Q—7¢ |:>‘0—‘0 -mQ-Q)

Transformation matrix T ?

P. _7 singd —cosé || P

Q.| |cos@® sind ||Q

R A

Z

6

>V

Sh

(@) (b) rosaann@.mastromauro@poliba.it
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Power Control in Grid-Connected
Operation Mode

~ n " 1 t *
V=E-n|(Q-Q >+T—j(Q—Q )dt}

iq °,

w=o —m(P-P")

P/Q
DECOUPLING

> -

—_—

0.

+
®

S. C.
M 1an
+
E
S.C

El Ve

S. C.
Power Control in Stand-Alone
Operation Mode

@ = Wy — Mgjang (P- I:)MAX )

V =V —Nigiana (Q — Quiax )
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Results: Normal Operation Mode

Active and reactive powers of inverters
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Results: Short Duration Grid Interruption

Active and reactive power outputs of the DPGS system
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Results: Qutage of an Inverter

Active and reactive power
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Results: Voltage Sags

Active and reactive power
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The laboratory setup:

A - two DC power supplies;

B1- filter 1 + current and voltage
acquisition boards (system 1);
B2 - filter 2 + current and voltage
acquisition boards (system 2);

C - two inverters;

D - load;

E - isolation transformer;

F - static transfer switch (STS);
G - two 1103 dSpace boards
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Experimental Results: Outage of an Inverter

transition from grid-connected to stand-alone operation
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DC MICROGRIDS: SINGLE-STAR
BRIDGE CELLS (SSBC) MODULAR
MULTILEVEL CASCADE
CONVERTER (MMCC) CONVERTER
FOR DC MULTIBUS APPLICATIONS
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DC Microgrids and AC Mlcmgrlds

The actual power system is in AC: the reasons of this choice are several, among them there are
the flexible connection to transformers and induction motors and the need to transfer high power

for long distances.

Just in some application it is used the DC transmission:

7 4 4 N

* Electric traction » Submarine distribution * Industrial drives - Electrochemical applications
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DC Microgrids and AC Microgrids
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*Synchronization with the main grid is not needed (no frequency and/or phase control);
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otections circuit complexity (no Zero-crossing detectio
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Configuration of the DC Microgrid with a SSBC MMCC
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Interface between DC Microgrid and main grid :
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DC Multibus Selectors

The “Bus Selectors” chooses which bus energizes each load. The Multibus arrangement with a suitable bus
selector can provide continuous power to loads in case of significant damage on one of the DC buses.
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AC/DC Interface based on the Single-Star Bridge-CeIls (SSBD) Modular
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Multilevel Cascade Converter (MMCC)

Bridge Cell

Yoltage[V]

Advantages of SSBC MMCC

« Modularity and reliability;

 High power with high voltages;
 Multiple DC outputs;

« Low harmonic distortion;

* Bi-directional;

 Low frequencies and switching losses;
« Small input filters.

Drawbacks of the SSBC MMCC

 Large numbers of components;

* Control of V.

-—> 9 |evels Voltage
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Robustness Analysis: DC Multibus Behavior in the Case of 10% Load Variatlon
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Robustness Analysis: DC Multibus Behavior in the Case of 40% Load Variation
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