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o Context of the study

e Microgrid description, coordinated strategy & choice of
energy storage technology

 Modeling & design for Hgo control
* Robustness analysis
 Numerical simulation results

e Conclusions & future work

Q. L. Lam, A. I. Bratcu, and D. Riu MOSAR - GdR MACS 16.03.2016 2/39


http://www.docu-track.com/buy/
http://www.docu-track.com/buy/

CoF-XCha N9q QO XCh: V9

e Integrating distributed energy resources into power systems

e Global reliability to be enhanced, reduction of carbon
footprint, all with smaller investment costs

Themal
power plant

Homes

Hydraulic
power generation

Renewable energy
o B

Wind generator

Cities and offies Photovoltaic

Ecological vehicle

An example of microgrids. Source : http://www.naonworks.com
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Context Concept Control challenges Control methods Frequency stability

Reliable operation of microgrids

e Design of special protection schemes & control systems

~N

« Main grid viewpoint 4 “Energy cluster’

.2 | | Microgrid 1 (loads,

yy DG units, ESSS, ...)
o

Microgrid 2 (loads,
@rm Sy@ | > | | DG units, ESSs...)

o
o
o

/

Microgrid n (loads,
DG units, ESSs,...)

\_ J
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Context Concept Operation Control methods Frequency stability

Main control challenges

o Stability issues

4
* Problems related to low!
inertia & uncertainties '.‘ f
due to presence of RES ..o

\

ltaies

« Stand-alone mode of ~ TS~_ .

operatio : e.que CY & Microgrid. Source : http://www.cleanspark.com
voltage deviations within

a small range are required

( B f N & =N

High-speed storage New grid configurations, not More complex
systems (batteries, |:> longer operate well with |:> robust control

supercapacitors,...) conventional control laws structures

\ y \ 9 \ y
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Context Concept Operation Control challenges Frequency stability

Control methods

e Proportional-integral-derivative (PID) control : limited
possibility to ensure satisfactory trade-off among dynamic

performances

* Fuzzy logic control : difficult to obtain a model serving for
a systematic control design

 Heo control : able to handle multiple requirements in a
systematic manner
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Context Concept Operation Control challenges Control methods

Frequency stability problem of microgrids

* Frequency stability problem of microgrids with a high rate
of decentralized, renewable and intermittent production

* Role of storage units

» Fast dynamics, capacity to provide power peaks
» Reducing frequency deviation

e Research work

»  Systematic design procedure for computing a multi-variable H,, robust
controller for primary frequency regulation

» How closed-loop operation demands must at their turn be taken into
account in the initial microgrid setup & sizing

Q. L. Lam, A. I. Bratcu, and D. Riu MOSAR - GdR MACS 16.03.2016 7/39
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o Context of the study

e Microgrid description, coordinated strategy & choice of
energy storage technology

 Modeling & design for Hgo control
* Robustness analysis
 Numerical simulation results

e Conclusions & future work
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Microgrid Coordinated strategy Choice of energy storage technology

Microgrid description

e Operating in stand-alone mode

Diesel

generator Loads
AC bus

Photovoltaic

panels e = | =

- = ) § =) Z i Enegi};tzﬁrage

Block diagram of the studied microgrid

.}'Ig

Q. L. Lam, A. I. Bratcu, and D. Riu MOSAR - GdR MACS 16.03.2016 9/39



http://www.docu-track.com/buy/
http://www.docu-track.com/buy/

Coordinated strategy Choice of energy storage technology

Microgrid

Microgrid description

 Energy storage system

[Superc.] [ Choke ] [Chopper] [DC bus] [
i Zl”
.
I
I

Three-phase inverter ]( Output filter ]

KEx K A LR
A fYY\_/\M

A 2

.
5
N

Ue 4[:}

. i Y1 >
is L. R, Cdchdc T 19 T é
LI - B WM
% Rsc f dc-l_— de i C | | er3 | | <
@ — ._,_I_NY\_/\/\/\V > .
E) U Ue | Umi1 A Ur1 I A
n Cy Rscpvscl I | &' gg} g | v | | w2 |
[ 1 2 3 | | Yps L1 Ys

Full electrical scheme of the energy storage system

e Equation expressing the microgrid frequency deviation

Dload

dAfgrid 1
= Zﬂ [15_6% o F (Vsce i 2&12) Als 5 APdiesel == APload] — @Afgrid(APPV e O)

dt e
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Microgrid

Coordinated strategy

Description

Choice of energy storage technology

 Proposed coordinated strategy : participation of both the
storage system & the diesel generator in primary frequency

control

* Role of the storage system : to improve dynamic
performances in case of disturbances

Template for the frequency variation

+ 5% load step (60 kW) - 5% load step (- 60 kW)

50.15
50.146

a1
o

I
©
©
al

49.9

49.854
49.85
0

Microgrid frequency fgrig (Hz)

Microgrid frequency fgrig (Hz)

a
o

Q. L. Lam, A. I. Bratcu, and D. Riu

50.1+¢

50.05

—_—

Performance specification
on the microgrid frequency
variation in response to a
load step of = 5% of the
rated load power (x 60
KW) in the time domain
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Description Choice of energy storage technology

Microgrid

Coordinated strategy

(Superc.) ( Choke ) (Chopper) (DC bus) ( Three-phase inverter ] ( Output filter )

/ey T\\ "16} "26} "?e} L R iy
uc-|C} 1 i | L N [ [ AAAN, é .
'IC“_T_'R““ . 1 i 4 E
H Vde B ™ MY—AAN, >
g fl|cdc-|__Rd” | A w1t 2
EANT G gl i
P T R AN _ J oA 651} W ) s Y
. o
Full electrical scheme of the energy storage system
* Another control objective Load step
: A
. to regulate the DC-bus / : 5
- S %)! |
voltage v,. at the desired  <| ——= |
= \ 1100 V (110%)
value of 1000 V A ; -
S |00V a00%) b
Performance specification on the DC- g : 5
bus voltage variation in response to a © / 900 V (90%)
load step in the time domain TR0V (50%) |
:t t+ :().6 S t+ :1.2 S — e,
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Choice of energy storage technology

« Diesel power variation in the frequency domain

1 K;
APgieser(s) = — Taiesers + 1 <Kp + :> Afgrid(s)y Kp —
iese —

S — Sdiesel

Simplified dynamic P controller for
modeling frequency control

e Frequency deviation in the frequency domain without
storage device

Af grid (s) =

[APdiesel(s) + APpy (s) — APjoqq (S)]

ZES + Dload
APgirr(s) = APpy(s) — APjpg4(S)

* Transfer function between frequency deviation & power
variation
Afgria(s) . G = S
Apdiff(s) (ZﬂTdiesel)S3 + (Zﬂ + TdieselDload) s+ (Dload + Kp) s+ &
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Choice of energy storage technology

’-
7/ ~
'Gode Diagranm, .
-10 ‘ T ; A ‘
204dBor | N — ' Supercapacitor
0.06 —s : Critical frequency
20 T diesel Yy [0-8 rad/s or 0.92 Hz y—
N 1000 ——————
30 Secondary Primary - % FEquivalent ~ _«?? 1
~ control control inertia g 2 068
2 40 = ]
~ - r 2’ ......... :
() =i
5 2 { 365
€ oo .
g : I
E : 36' ms
-60 - 43 ] /
= ¥
e———ePrimary contr / 2 36 ms
-70+ ] ) ) . 2 E
>%XPr?mary and sec&n@r!_qprﬂrol, W!thout dyngmlc part &
———— Primary and secondary control, with dynamic part O
-80 1 L £ L i L 1 ! 1 0.01 "

10'3‘ 102 H:L‘O'l lOO 10" ‘:‘L‘OZ HH;L03 1I0 o 160 o 1600 - 10000
Frequency (rad/s) Gravimetric Power Density [W-kg™!]
Bode diagram of the transfer function Ragone plot
of the system

e Selected frequency interval f, € [0.02, 1.31] Hz for primary
control participation of the storage device. Supercapacitor
storage technology with its own frequency f, e [0.00278,
27.78] Hz iIs the most appropriate
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o Context of the study

e Microgrid description, coordinated strategy & choice of
energy storage technology

 Modeling & design for Heo control
* Robustness analysis
 Numerical simulation results

e Conclusions & future work
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Modeling & design H., control design
Yo -1ract o M d I - f t I ooy roc

 Modeling methodology ¢ Per-unitization system

> Base values for AC-side quantities
Switched model Vap = Vgp = Vp = V30, = vpg
. . . _Sp
O lab = lgb = b = %
Non-linear v 1 Z,
averaged model Zy =y =gy =
0 ip Zpwp Wp
O Wp = Wy = (‘)gride1fb =fo= fgride
Calculation of an > Base values for DC-side quantities
equilibrium point Dy = Uy iy g = —P = 1,
O Ub—dc
Ub—dc 1
. Ly g =— =73, Cp_gqr=——=(C
Linear averaged T e U T Zygewy P
model i
Ly_ge = —<=1,

Wp
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y Modeling & design H., control design
Jocy-traty 4 d I = f I Jocy-tracy
Modeling for H,, contro

* Linear averaged model of the storage system in a per-unit

term
1 dAv, 1 1
%
wp dt Cse—  Rse,lsc—
1 dAvge 1 N A
wp dt —%“ce& Cdcli e

1
Ba Alrg + irq,ABg + B Alrq + irq, AB Avg

CdC ( r r de—"7q rge CI) RdCCdc c
1dh 1 Rse*Re =~ 1 1
wp de LA T AT Cellac Ty Vae A
1 dAig 1 1 Ry | |
a)_b dt - _'Bde% * EvdceA,Bd N L_Al_"‘d + wgrideAl"‘q + queAwgrid
1 dAirq 1 R
w_b dt = _'BQe% " EvdceAﬁq - L:Ai’f'q - ng‘ideAi’r'd — irdeAwgrid
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Modeling & design H., control design
Modeling for H,, control

o Power variation of diesel generation in the time domain for

only primary control participation
dAPdiesel 1

l T < g

« Linear averaged model in the state-space form for H., control
Ax = AAX + B;Au + B,Aw
Ay = CAX + D;Au + DyAw

[ T
— x Avgc APgiese Afgn'd] . state vector

>
e
1

- T
Au = |Aif Ai¢ | control input vector (Aijfgf =0)

Aw = APy, .4 : disturbance input

T
Ay = [& Avy, Afgn-d] . measured output vector
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Modeling & design

Modeling for H, control

Wp
Rchdc
A=
0
1),
2H e 0
S-S
0
1 0
2H

Q. L. Lam, A. I. Bratcu, and D. Riu

Tdiesel
1
2H

0 1

0

1 By =

Tdieselsdiesel

Dload

2H

=S
0 O
0 O

D1: D2:

!

0

H,, control design

Wp
———(
Cse
Wp Wp
Cac Cac ™
0 0
o (USC — ZRSCli) 0
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Modeling & design

H, control design

e Proposed global control structure

Active power variation calculation of the storage system

mes

v
Ve |, i—“ﬁ AV AVT®
. " > Measured signals
i .
i +£—Se Ai™ . A" - L ¥t
Af et Afest éfgride N v

grid |
Il

grid rid
1k — | Y
dc
Simplified dynamic model of the diesel generator /—%L. Non-linear i
st st 1 Inertia and B, averaged model of ———»

| Actuator (valve) + process | self-regulation
I Speed regulator (motor) “group”

the storage system -

____________ | N
N

J o
.i.s

AN a,

s - A

Air'qef B,

-~ 4
. _ Ny 4
Moderate-dynamic control loop used to generate current reference variations Fast-dynamic s 8T loops used for

tracking current variations

Block diagram of the proposed global control structure
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& Modeling & design Modeling for Hy, control

‘e ( 2 O\(‘F

/”nu\\‘(\\ I I t I I [ ] H'“nu\\‘\

/‘\ . * Ho control level
- perfl _>_1 . -
77 AR ! > Model associated with H,, control
N X; | e Oy 4% R v Plant "P"
S ——— RETTIS I Y 8z Linear state-space model G(s)
\\ Y I'I — Weighting functions
. e~ ‘\-'—\Nuz(s) L e, v" Hg controller K(s)
s J S R S e’ — v/ Control inputs
s ) _+ dc — V4 \ T
(VN _ oy ) .
Il - Sl;nezll signal YA 'I \‘ Au = l A l;‘@f Al:;f
1Au my; | state-space | AP 0 I Av) — .
NRES AR fgo((le)l 1 éﬂ‘ \ ; v Disturbance input
Saole? ‘\ /, Al P \'~ -’ / AW = APjpqq
\‘ P2
N T A v" Measured outputs
] /—’a -N\ i T
! \ —
!'.' H | \‘l Ay = lAde Afgrid]
|
i' Controller I
KO [
. SSene” Kl

Control configuration in the so-called P — K form
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Modeling & design Modeling for H,, control

H, control design

»  Weighting function selection
v' DC-bus voltage variation Av,. & frequency variation Af,;4 are

bounded by first-order weighting functions

Load step

1 s+ wpA; 1 / : : ;"—H-.----“m.-i Wi () g
_ ~ : Ly ( igh-frequency gain / =
W) e S| Ay 2% o7 S | i 3
~ : esponse ime ~ s 0?0
perf S S S wb 3 ﬁ \ i .l_.:=' - —)/A/ 8 — < S
% I Ove‘rvoltage \a "Cut-o["f\ / \\\\__ 8
M, : limitation of the overshoot S [y (00 Steady stat g{reauency oag/ -
- . n ! / . —_
wy, - the desired response time 3L ‘{ N v l’ﬁme Juency gain 744,.;%
e Lirnidat: ) 3 : i8S Y Apneat e )

A, : limitation of the steady-state g I P\ _ o %
error 1 /// | Sensitivity function |S(jw)| |=

Avdc Avdc . ¢ L+ O 6s t+ 1 2s > Time (5) ‘\ 0I)y Frequency (rad/sec)

max min : :
M S1 T 1 gy - T Performance specification on the DC-bus voltage variation \\ Perfdtmance template 1/Wye,f(s)
load load 5% load step (60 kW) =
A e, ]r‘N (Ia) ~
- , - - - F -~ o - = perf [a]
— \ - a) E
wb1 1/(40T0 dq ) ( ~12 S) z 53‘146 Hz l’Respon el tlme \ ( Y, High-frequency gam/ > / g
z| 4 , A e e e ey s
iy H ~ A o
A . A i ] ' \ l \N — - wF o f
V. = f gridmax 4 = f gridmin g l, Ov‘rfrequegncy = / i \\ ACUt-ofS / // N 2
52 - AP ! 82 - AP > 5' Hz Steady State\ ﬁreqlel cy b / > Zm
load load E T | _________________________ ‘ _____ B Ao s i F 7]/: %
5 1 | \ ‘N g '~ 5
= Un(’erfrequ:ency | 4 A “Low-frequency gain AN 2
wp, =1/(207y,, ) (tr, ~06s) BT \ s L o /"«é S
2 rdq 2 S ‘ fo ] r ) l ) + u\ ~ - - S
S |y 49854 Hz 1 Sl BN : oo ks
~' ; v ;enﬂuw function |S(jw)| |=
» Time (s) \ L
P t i, .0.5 S t.Jr 1 5 0 [\ oy  Frequency (rad/sec)
Performance specification on the microgrid frequency variation \\ Pe ;o(mance template 1/Wpe, £(s)

Y
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Modeling & design

H, control design

Modeling for H,, control

v" Active power injection or absorption of the storage system is

controlled via i. Storage device current reference variation Ai;"ef IS
bounded by a band-pass weighting function
[ M A 2
( 2 s+1)( 2 s+1)
1 . A wbcll walZ wbcll < wbclz
= ,
W) (A (el S
\ wbcll wbclz J
M Aismax ismax - is_e 4 01M ‘-I-Nvul ja )‘
ul_APload_ APioaq o T ~ M, kb A X O\
I . [
Choice of 2211 g 25€12 - paged on the own v T
uq uq
frequency of the selected supercapacitor : })
technology & participation zone of the L : . . : :
storage device in primary frequency control A, a / _E EHE%E]YIE_}_fEH_t_I_D _}Ef’_!(_jai) LN
¥ | || [T
—— I [ I I
| [ |
By Dy Ny By B
M, \ AJVI \\Mul,l A,

Q. L. Lam, A. I. Bratcu, and D. Riu

~-1:“requency (rad/ secT
Performance template 1/W,, (s)
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AI:)Ioad (dB)

/
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S

Maximal gain Ai
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Modeling & design

H_, control

s

design

’ \
'Gode Diagranf

Modeling for H,, control

Y idan Vi N ’
i 0 06 7(;1" { Critical frequency

20l T = 5.8 rad/s or 0.92 H
Lodoveo
I

-30¢ Secondary : Primary , FEquivalent -

control control inertia
40F

50

Magnitude (dB)

Participation
zone of the

pensity [Wh-kg™]

(7]

Gravimetric Ener

V! storage device:
o, =0.12 rad/\' : ';c =8.21rad/s
1 : I 2
60t or 0.02 Hz : or 1.31 Hz i
N ¥
Al 2
e———ePrimary contr /
=70+ Bri _ _ i
R r?mary and secGn@rl)l/_qorﬂrol, W!thout dyngmlc part
———— Primary and secondary control, with dynamic part
-80 \ Lol ot \ £ 1 ol o
10° 10° 10" 10° 10" 10° 10

Frequency (rad/s)

Bode diagram of the transfer function

of the system

Selected frequency interval for primary control participation
: f. € [0.02, 1.31] Hz (or w, € [0.12, 8.21] rad/s)

wbcll

=012 + 17455,
Ay,

wbclz

Q. L. Lam, A. I. Bratcu, and D. Riu

Uug

= 0.12 +174.55

Z}
1000

.........

Gravimetric Power Density [W-kg™']

Ragone plot

Own frequency of supercapacitor technology : f, e
[0.00278, 27.78] Hz (or w, € [0.0175, 174.55] rad/s)

Own frequency of the selected supercapacitor
technology : f, = 0.48 Hz (or w, = 3.04 rad/s)

MOSAR - GdR MACS 16.03.2016
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Modeling & design

H, control design

M

odeling for H,, control

v" DC-bus voltage is regulated via i,4;. The inverter output current
reference variation in d-axis Ai’¢ is bounded by the first-order

weighting function

1 4, s:Euy
WuZ (S) S + waz/Muz

Airdmax irdmax - lrde

= = VA, = 0.1M
2 APload APload 1z 12

M,

wpe, = 1/(100Ty,), where Ty, = 1/f;., f;, is
the inverter switching frequency

Q. L. Lam, A. I. Bratcu, and D. Riu

‘1\NJ2 (Ja))‘
\
\
M X AN
us \ \
T \\\ Cut-off
. \\\fllie(luency Wy
N\
NN\
\' .
|
7 \\
gpnqiﬁvity functio !K,qd :b !
|

Frequency (rad/sec) @,
Performance template 1/W,,,(s)

MOSAR - GdR MACS 16.03.2016

AI:>Ioad (d B)

/

ref
rd

Maximal gain Ai

25/39


http://www.docu-track.com/buy/
http://www.docu-track.com/buy/

Modeling & design Modeling for H,, control

H, control design

> HOO Controller SyntheSIS - Singular values o Singular values
v' “hinfsyn” function “ < ] 0 e N
@ 0 }//vae"fl (S) 1 %\ . 7//vaerf2 (S)
- -~ 0
g -50 (;% -20
z -100 2 -40
MATLAB ‘_g ‘_:U
(=) o -60
- . . £ -150 £
v" Minimization of the norm 2 S g
200+ Sensitivity function |5 (jo )| oo Sensitivity function [ (jo)|
S -250 2 S ") ") 6 -120 2 S ") ")
er 10 10 10 10 10 10 10 10 10
H VI? K];‘ H <('}/ Frequency (rad/s) Frequency (rad/s)
Sensitivity functions S and corresponding templates
S/KS mixed-sensitivity optimization 100 Singular values . Singular values
must typically be solved 50_/\f‘ N -
e o= . —_ —_ 50
v Sensitivity functions g 7MW, (5) z M, (5)
( Avg. Af, grid \ E E
S5 —— 5 = === s =
APj5aq APioaq = g
- .re 1501 Sensitivity function |K.S;(jw )| 100 /!
A Tef Al f ’ ! Sensitivity function |K .S, (j@ )|
KS; =——— ' KS, = ——— 2000 10° 10° 10° 10° 10 10° 10° 10° 10°
k : Apload : Apload Frequency (rad/s) Frequency (rad/s)
) Sensitivity functions KS and corresponding templates
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e Non-linear averaged model is used for the time-domain
simulations

e Taking into account SoC of the supercapacitor (v, IS
considered as a state variable) in simulation

e Load profile is varied in step of + 5% of the rated load
power (60 kW) att =15, — 5% att=9s, — 5% att =
17sand + 5% att =25 s
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Numerical simulation results

o Desired time-domain performance corresponding to the
parameter choice of the weighting function W, (s) is

well-respected
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Time-domain response of the microgrid frequency f,.;4 under small step load
disturbances of & 5% of the rated load power (* 60 kW) from the rated parameters
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 DC-bus voltage control objective is satisfied with respect
to the parameter selection of the weighting function
Wherr, (s) == Hoo controller ensures desired performances
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Time-domain response of the DC-bus voltage v,;. under small step load disturbances
of £ 5% of the rated load power (£ 60 kW) from the rated parameters
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= Numerical simulation results

* SoC, €[0.25,1](v,, € [390V,780 V])

o Desired overshoot is well-respected irrespective of the
initial value of SoC
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Time-domain response of the microgrid frequency f,.;4 under small step load disturbances of +
5% of the rated load power (+ 60 kW) taking into account the uncertainty on SoC,(or vs_ )
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Overshoot of the DC-bus voltage is satisfied irrespective of
the initial value of SoC

=) Hoo controller is robust in performance to SoC, € [0.25, 1]

Time-domain response of the DC-bus voltage Time-domain response of the DC-bus voltage
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Time-domain response of the DC-bus voltage v,;. under small step load disturbances of & 5% of
the rated load power (+ 60 kW) taking into account the uncertainty on SoC,(or vs,)
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o Context of the study

e Microgrid description, coordinated strategy & choice of
energy storage technology

 Modeling & design for Hgo control
* Robustness analysis
 Numerical simulation results
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e Conclusions

»  Systematic design procedure for computing a multi-variable H,, robust
controller for primary frequency regulation in stand-alone microgrids
highly penetrated by renewable energy sources

»  Effectiveness of the proposed H,, robust control strategy has been
validated via numerical simulation results

» Robustness analysis of the synthesized H,, controller taking into account
the uncertainty on SoC, of the supercapacitor

e [Future work

» Design of a robust control strategy for PCC voltage regulation

» Practical implementation of the proposed control algorithms on a real-
time test bench
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