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Definition

Wikipedia: A power supply is a device that supplies electric power to an electrical load.

¢

Power supplies are everywhere: ‘ . it
- -
Computer, electronics, motor drives,... 2 (D et
D )

p—
Here, the presentation covers only the S
very special ones for particles

accelerators : Magnet power supplies

Power supply # power converter

US labs uses magnet power supplies
CERN accelerator uses power converter
CERN experiment uses power supply



What is special for magnet powering ?

In a synchrotron, the beam energy is proportional o the magnetic field.

The magnet field is generated by the current circulating in the magnet coils.
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What is special for magnet powering ?

The relation between the current and B-field isn't linear due to magnetic hysteresis and
eddy currents.

In reality, Beam Energy = kfxDipole field # kixDipole Current
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What is special for magnet powering ?

For superconducting magnet, the field errors (due to eddy currents) can have dynamic

effects.
Ff Decay Snapback
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the multipole errors when the current ina
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http://accelconf.web.cern.ch/accelconf/e00/PAPERS/MOP7B03.pdf

What is special for magnet powering ?

To solve this problem of hysteris, the classical degauss technique is used.
For a machine working always at the same beam energy, few cycles at beam energy will

degauss the magnets. Example LHC precycle.
For machine or transfer line with different beam energies, the degauss has to take place

at each cycle. Solution, always go at full saturation in each cycle.

[ Edt 2
A 5
T Imagnet 3
Minor B-H loop . 8 o
achieved by <~ Reset point D where é D ; D
“reset” cycle magnetic saturation o g
B occurs and magnetic flux v = 5 ’7
% may not increase any E E g
,." further @ o
Ce /A :
B 2
C,: / F
A C G
> | ¢ >
@ N Without reset With reset t
beam beam beam

time

Period n-1 Period n Period n+1




What is special for magnet powering ?

Measuring the magnetic field is very difficult and need a magnet outside the tunnel.

In most of the synchrotrons, all the magnets (quadrupole, sextupole, orbit correctors,...)
are current control and the beam energy is controlled by the dipole magnet current.

For higher performance, the solutions are :
Get a high-precision magnetic field model (10-4)
Real time orbit feedback system
Real time tune feedback
Real time chromaticity feedback
Or
Real-time magnetic field measurement and control (10-4)

How an operator change the beam energy with a synchrotron?

To ramp up, the operator increases the dipole magnetic field.

The radiofrequency is giving the energy to the beam, but the RF is automatically adjusted
to follow the magnetic field increase (Bdot control).

CE/RW
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Magnet powering scheme

SMQ Converters

o BE [
To get the same B-field in all the magnets, the = )
classical solution is to put all the magnets in series. 1
-
n 7
Generally done with dipole and quadrupole. @f@ . .
BA3 QF SPARE Qo

Example of SPS quadrupole

Lead to high power system for Dipole and
quadrupole.

Supplies

3 SMD power converters
I nominal peak = 2200A

U nominal = 4.8 kV

Load
216 quadrupole magnets




Magnet powering scheme

But when the power is becoming oo high, the circuit can be split.
First time with LHC in 8 sectors.

<

AlﬁA
SR

\ DC Power feed

Tracking between sector !

LHC

e DC Power .
3= 27 km Circumference

Octant

Powering Sector:

154 dipole magnets
total length of 2.9 km




Magnet powering scheme

Vmagnet

MagneT current operation Power supply type

1 Quadrant mode

' O+

2 Quadrants mode

Vmagnet i@;
= -+
_—— 4 Quadrants mode

Vmagnet

Imagnet

Imagnet

In quadrant 2 and 4, the magnet stored energy is returning to the power supply.
Emagne‘r = 05 * Lmagnef * I2
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What is special for magnet powering ?

The magnet power supplies are high-precision current control.
To build it, the technical solutions are out the industrial standard:

Need very low ripple Special tobologies
Need current and voltage control over large range P opoleg
Operation in 1-2-4 quadrant

Need high-precision measurement . .
Need high-performance electronics Special electronics and control
Need sophisticated control and algorithm

Powering a magnet isn't classical, and few one the shelf product can be used
always custom power supplies

What is power electronics?




Power electronics

Power electronics is the application of solid-state electronics for the control and
conversion of electric power.

Power electronics started with the development of mercury arc rectifier. Invented by
Peter Cooper Hewitt in 1902, the mercury arc rectifier was used to convert alternating
current (AC) into direct current (DC).
Fa'ay
i~

|

The power conversion systems can be classified according to the type of the input and
output power

AC to DC (rectifier)
DC to AC (inverter)
DC to DC (DC-to-DC converter)
AC to AC (AC-to-AC converter)

&)
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Switching devices

Nowadays, the main power semiconductors are:

Diode
MOSFET
IGBT
Thyristor

The most popular is the IGBT
7 kVand more
6 kV =
4kV —
3V 7 IGBT
L/

,[ Voltage

Thyristor
/ GTO

Current

2kV — / / / 10 kHz
kv L L LSS L
o2 MOSiET A 4

0 f / / f / - 1 MHz and more

0 200A 1 kA 2kA 2.2kA

and more

Frequency

100 Hz

1 kHz




Thyristor principle

Thyristor (1956): once it has been switched on by the gate terminal, the device remains latched in the on-state
(7.e. does not need a continuous supply of gate current to remain in the on state), providing the anode current has
exceeded the latching current (1)). As long as the anode remains positively biased, it cannot be switched of f until
the anode current falls below the holding current ().

Thyristor Blocked n(®)
NAE | /\
J® Thyristor furn ON :9 o
-« ‘ 1 1 N
11CH(t)

u(t) uak(t) wax(t) D
DAY

Thyristor turn OFF | \\/

At zero current T |

"IN N

P

— /

Turn ON possible when positive voltage




Topologies based on thyristor

The magnets need DC current.
The magnet power supplies are AC/DC.
The magnets need a galvanic isolation from the mains:  50Hz transformer

The thyristor bridge rectifier is well adapted to power magnets.

AC ) A, T
ACmains  =—plffm i Magnets w w .E‘i
DC

% % *f
6@ 2 1 Thyristor advantages Thyristor drawbacks
a 1T - Very robust - Sensible to mains transients
T - Cheap - Low losses
- - Low losses - Low power density
fER P




Diode bridge rectifier

3 phases diode bridge voltage rectification
Bridge output voltage is fixed, 1.35 * U ;.. 1o line
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2 50k NN N N\
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5 ! D3 D5
5 0
e
D2 D4 D6
-2.50k
[~ 7
-4.00k

199.00n 210.00n 221.00nt[s]




Thyristor bridge rectifier

3 phases Thyristor bridge voltage rectification
Can control the bridge output voltage by changing the firing angle o

Vout = Umax * cos a
B6C

o =15°, Vout = 0.96 * Umax
o =70° Vout= 0.34* Umax N G T T
o = 150°, Vout = -0.86 * Umax

TH2 TH4 TH6

4.00k

w Vv
Q ey vy 00K a gy
/r\l/[L\ Wi i l/\ e
2 50k TN NI NT i ™ 250k \ ™
X / " \/
/ \
\ /] \ \ /
\ , , ;
0 0 y
\ / \’ / \
/ ) \
\ ; \
// \
N " /\ N/ NN N
-2.50k —|— = — 280k N I
-4.00k -4.00k -4.00k

219.00m 230.00m 241.00mt [s] 2.0C 2.01 2.02t[s] 2.22 2.23 2.24t[s]




Thyristor bridge rectifier

Maximum voltage, o = 15°

o
4.004 Ry
VM_TR.V [V]
j A
2500 T NN SN TN
B6C
TH1 TH3 TH5
—_—e 0
TH2 TH4 TH6 >< ><
-2.50k
N~ L
-4.00k

199.00n 210.00n 221.00nt([s]




Thyristor bridge rectifier

Transformer line current at maximum voltage, o = 15°
The diode bridge current is in phase with the voltage
For the thyristor rectifier, the AC line current is shifted with the angle o

25* LR1.I[A
4.00k VM RV [Vll]

2.50k
B6C L

| THL TH3 TH5 :
— 4

0
TH2 TH4 TH6 @

-2.50k

-4.00k

199.00n 210.00n 221.00nt][s]




Thyristor bridge rectifier

Power analysis

Power: P(t) = V.(1) * T(1) + V(1) ® I(t) + V(1) * I (1)
Active power: P=3*V,.* I icrms T COS a

Reactive power: Q=3*V.*ILierms T Sina

Apparent power: s=P?+Q?

Power factor: P/S = cos a

o =15°

Active power high
Reactive power low

B6C

TH1 TH3 THS5

R P

TH2 TH4 TH6




Thyristor bridge rectifier

At flat top, a = 70°

Full current / low DC voltage

008 o iRy
> VM_TR.V V]
VM_BRIDGE.V V]
= . VM diode.V V1
B6C 2 50k SN NSNS
TH1 TH3 TH5 [\
e m—
0
TH2 TH4 TH6
-2.50k
N L
-4.00k

2.0C 2.01 2.02t[s]




Thyristor bridge rectifier

Transformer line current at flat top (at o = 70°)

300m * LR1.I [A
4.00k VMmR.V Vi “l

B6C 2.50k o

| THL TH3 TH5 /—1
_—
| J
TH2 TH4 TH6 - -

-2.50k

-4.00k

2.0C 2.01 2.02t[s]




Thyristor bridge rectifier

Power analysis

: Q
Active power: P=3*V,.* I incrms T COS a r
Reactive power: Q=3*V.*ILicrms Sina
Apparent power: S=.P*+Q°

Q
» P
a=70° —
Active power low P
Reactive power high
o LT #%
= 55 Pulse 1 f "l
E. 12 d OINAR 1 Pulge2 |
; e ﬁ{- el t \ Q PSCAD {’:{*.\\\
§ 15 f,ff':”" . S 5‘4 N
; 5 1 E \,' 7 kﬁ -
s S F {
£ i: 7l | [P[-ASEAD [
{ -
45

02040608 1 1214 1618 2 22 24 26 28 3 32 34 36
Time [sec]




Reactive power compensation

Reactive power must be compensated.
Power factor > 0.93 for EDF.
Affect the mains voltage stability.

Solution :SVC: Static VAR Compensator, Qc

400 kV AC = 18KV AC 4 km cable
|

Q 90 MVA
rF

/
/ \4‘12
VAT 5y @%

I

@\

P - 3
Qc T T f
+75 MVA -85 MVA Reactive
Harmonic Filters power Compensator J
L/\M
\ Magnets
AAN /
SVC

Thyristor rectifiers




Reactive power compensation

SVC role on the 18kV

Compensate reactive power (Thyristor Controlled Reactor)
Clean the network (harmonic filters)
Stabilize the 18kV network (>+1%)




Thyristor rectifier example

Example: LHC dipole converter 13kA/180V

Magnet: L = 15.7H
R =0.00112
Tultimate = 13kA

TSl
115 kw

Magnet operation:
Tinjection = 860A
dI/dt = +10A/s
T47ev = 6.9KA
I/ r.v = 11.8kA

+10 A/sec

Magnet protected by N—Z_ 20min,;
external dump resistor




Thyristor rectifier example

Vmagnet

Example: LHC dipole converter 13kA / 180V
Vv

Imagnet

R :U 'I u n Im.

s _V : v ul 53004
) 1 -

T W : - ||'§_!

I
i |
.y ]

18kV AC | il
e
B RS ?

k TRB )\ !__ i -' b ~ov ] Jw“\hN\J\J\
50Hz transformer Output filter X

Magnets

Thyristor rectifier / |
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Thyristor rectifier

Limitation a low current due to discontinuity of current

300 Hz

ATLTLV 300 Hz
NN - ANN
18kV/600V L~ o: .
600 Hz E
C 300 Hz B !
18kV —— 1
W || T ;
MCB 18KV/600V A~ i
ZZ ‘ ~ |
O—_
M NANN, —O
_ i 300 Hz
Sum of line current Viiring |:|r|ng
_n.r\_u.u_ +|
2% Sum of bridge voltages
N— = AANN
MY = v S
== Minimum current




Topologies based on IGBT

What is an IGBT ?

The IGBT combines the simple gate-drive characteristics of the MOSFETs with the high-
current and low-saturation-voltage capability of bipolar transistors.

The main different with thyristor is the ability to control its turn ON and turn OFF.

Many topologies can be built using IGBT. i f =\



http://en.wikipedia.org/wiki/Power_MOSFET
http://en.wikipedia.org/wiki/Bipolar_junction_transistor

IGBT

Real IGBT turn-on and turn-off: .

90%+ p
Very fast di/dt, dv/dt => EMC o / \

Switching losses => thermal limitation Sl B /\ |
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IGBT Number of cycles

Thermal cycling of the IGBT

Al

Base Plate Solder —__|
Base Plate (GF) |

Thermal Grease

Bond, Bond 168] Banding Wire
\ \ -
Diode. ! Bond
Chip Solder — ;
|} Substra P

(Tjmax = 125°€)

IGBT bonding can break after few thousand of thermal cycles

Evolution de Tj - Tc - Th

54.00 p T
50.00 ‘J ‘ ‘f ‘
(.|
H 1
S5 \ z
?% 40.00- ‘“‘ ﬂ H r ‘H | ‘ §
FiE ” “\‘ J‘ ‘\‘ ‘ [ e
l [\‘ I ‘w“‘ “ ‘ I A :
H I “H\ | H \“ ‘H‘ AN | \
A \( ‘J T L \
30.00- E N \J N \\\‘
27.00
170.00 175.00 179.55
Delta T) in K

T
161.60 165.00




Power electronics basic concept

The basic principle is fo command a switch to control the energy transfer to a load.
Example of a BUCK converter:

Constant voltage source

A

Load

Vv

\_ AN J

Power switches Filter




Power electronics basic concept

The switch S is switched ON during a short period which is repeated periodically.

Vv
- |L "'L_ % 4 TOn TOff
._‘ ' ' \_ "a —
> L S 0 Off 0

S n n

v /(D o&b, crll[v 2o !

' )

vl

(b} VD
=0 Y
3 0 t
>

<Vo> = Ton/T x Vi l
=l
2

Vout = a x Vi a "

The output voltage can be controlled by playing with the duty cycle a.
95% 50% 5%

I RAE)

&)

N/ S



Power electronics basic concept

Most of the time, PWM (Pulsed Width Modulation) technique is used to control the
switches. A triangular waveform is compared to a reference signal, which generates the
PWM command of the switch.

aeecamll

(_ Triangular waveform

VAN

/i.\/--\/.-\/.-\ \/"\/.

/ E \/ \/ \/ \/ : \/ » = Reference signal

1 1 l l [ ] 1 1 1 1
I 3 1 1 1 1 1 1 1 . 1

1 [ 1 L M
L1 1
L1 1

|

ON OFF
—




Topologies based on IGBT

The magnets need DC current.

The magnet power supplies are AC/DC.
The topologies are with multi-stages of conversion.

The magnets need a galvanic isolation from the mains:  cases with 50Hz transformer

AC mains

AC DC
%@— Magnets
DC DC

hY|

e T T35
- bt




Switch-mode converters

Vmagnet
Example: PS converter: PR WFNI, +250A/+600V
\'
P | Imagnet

p e

Capacitors bank bridge
P
Transformer Diode ﬂ.
50Hz rectifier
. ¥

DC inductance

T@DA]
\.

I
T

50Hz AC/DC stage High-frequency DC/DC stage

&)

N/ S
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Transformer technologies

Two technologies are used for power transformers:
laminated magnetic core (like magnet): | aminated
50Hz technology Steel e
High field (1.8T) P

Limitation due to eddy current /4, ”
Low power density = I\IIHIHNNH
High power range =

Ferrite core (like kicker): o
kHz technology Laminations

Low field (0.3T)
Nonconductive magnetic material, very low eddy current
High power density

Low power range (<100kW)




Topologies with HF transformer

In this case, it is multi-stages converter with high-frequency inverters

4 Y4 N\ [ )
AC mains
AC DC AC
—f— ?H% . Magnets
DC AC DC
\_ J\L J L J
50Hz rectifier HF inverters & HF rectifier & filter
transformer

{*J"T"

SN

=

Ayl

BN 33

%154 {’}{’}




Switch-mode converter with HF inverter

Example: LHC orbit corrector, +120A/+10V Vmagnet
\'
%
Imagnet
I i . ) - 4 Quadrant
nput Power Filter Phase shifted Inverter Rectifer + Filter Linear Stage

-7 amr- T T T T T T T T ar T T T T

‘_ﬁl_ EMI
Ea :: FILTER







Converter association

When the power demand increases above the rating of the power semiconductor, the only
solution is to build a topology with parallel or series connection of sub-system.

AC mains

AC DC AC
—f— ? . Magnets
DC AC DC
AC mains
AC DC 3 AC
DC AC DC
AC mains
AC DC ? AC
DC AC DC




Parallel connection of sub-converters

. 1 1 =5
Example: Atlas toroid magnet converter 20.5kA/18V Bl s T
Vmagnet ==y
Y
ﬁ
‘ Imagnet
3.25kA/18V sub-converter 8 sub-converters in parallel
Output Madules
- Ao s
Input Module Inverter Madule :/:3 E’kprvr'%j__(- e
kil ol o B E | o e Te
0 S, e [
T i | I g e
g=nidll | mivle o TR =
=tmiieninni B aaSUE (WS o
i R Rah—
] o :J 3 g»"‘l"%—_i_—@- el
e e e ‘i_j —V 1S
3.25kA/18V

Redundancy implementation, n+1 sub-converters
Can work with only n sub-converters
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Parallel connection with thyristor rectifier

]

Example: Alice Dipole, 31kA/150V | ”*'7" \ ,.:d,,;f

Pont de thyristor + filtre + Lem
TR1

%

Al c

e | Tl

i

B1
@ ?R |
A2 . S
MCB 18KV @ - %rﬂ
18KV Inverseur de 31000A
— | TR2 polarité 190V
B3 T —

s
7

&
3
¥

o

y
.
[




Series connection of sub-converters

Example: SPS dipole converter, 6kA/24kV ) e S —
\_t.// t \}"/
=01 e e e = e s [ A | T =
Y e JITITT TI7T 707 o
[ [ R | R

Supplies

14 SMD power converters
| nominal = 6 kA
U nominal = 25 kV
Peak Power = 150 MW

Imagnet

= {1

Load
746 dipole magnets

12 converters in series between magnets.
Each converter gives 6kA/2kV.

A= 11—




(SPS-PULSED)

(SPS-STABLE)

&




Nested circuits

Nested powering scheme is popular with accelerator physicists and magnet designers.

Allows association of different magnets or to correct local deviation over a long series

of magnefts.

Main reasons: saving on DC cables, current leads, lower power converter rating,...

Example, LHC inner tri

2

RQTX1 600A 10V

plet 70N
QAL

RQX 7kA 8V

_D|_

FWT 7 kA

HCRYYAA —D—

MQXA
Ultimate current : 6960 A
Inductance : 90.7 mH
Stored Energy at nominal
current : 1890 kJ

Nl

- Free Wheel
S Diode

RQTX2 5KA 8V
(T T T T T T T T T T T \ (T T T T T T T T T T \ ST T T T T T T T \
| ] | ] | m |
N . ___ N . ___ ;s 0 L
FERMILAB KEK
MQXB MQXA

Ultimate current : 12290 A
Inductance : 18.5 mH
Stored Energy at nomimal
current : 1200 kJ

Ultimate current : 6960 A
Inductance : 90.7 mH
Stored Energy at nominal
current : 1890 kJ




Nested circuits

Nested powering scheme is a nightmare for power engineers ||

Very complex control, it is like a car with many drivers having a steering wheel
acting on only one wheel.

Coupled circuits




Nested circuits

Very difficult to operate and repair, long MTTR. Reduce investment but
decrease availability!

All converters have to talk each others.

CHASSIS Type 4

Need a decoupling control to avoid fight between

converters | il oo

o
NNNNNNNN G |le= Funcrion O
GENERATOR © | GENERATOR
covroier o °| | | cowmoter

o o

o o

=] o =] o
olo e|0

<lo [0 DIAGNOSTIC 8KA e

DCCT STATUS A 8KA =0
DCCT STATUS B 8KA o
DCCT STATUS A 6KA o1
DCCT STATUS B 6KA =]

AEER

| L I |
ﬁﬁﬁ_ﬁ

DCCT HEAD B 8KA
DCCT HEAD A 6KA
DCCT HEAD B 6KA

88  obcerHeAD AsKA

[

] (%1 DIAGNOSTIC 6KA
LThA il
09 - — SK CMD 8KA
=
° —_—
H
o
o
o o
Y
o} — ———

SK CMD FGC 8KA
SK CMD FGC 6KA

DCCT 8KA
DCCT 6KA

SK CMD 6KA
=

[y
0=

LEka
A o o =
0a e — 00 of.. = H
» o H
: r Nl el | I =
o — >l | eonTRoLeR o H
H —_— AP S
o S — S © - H INTERLOCK IN 6KA
o - ) o i H INTERLOCK OUT 6KA
o D _/ ol ® IO g INTERLOCK IN 8KA
| 2 -_LNIEBLOCK QUT 8KA

CHASSIS Type 11 88
- SEE HCRFEMA DCCT A 600A o
Lam A HEE DCCT B 600A -
MEE SKINTK 600A -
(URE SHEE DIAG 600A
& z|9|3 o0
g CMD 600A -
s m-LEMEWT o0
(-3 =3 et
o o SK FLOW
s—a
[ &
Eleta
CHASSIS FWT
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Nested circuits

Look at the current and voltage of RQX while RTQX2 current is changing!

V meas RTQX2

Nested circuits aren't RECOMMANDED !
LHC inner triplet works perfectly well but MTTR is very high.
RHIC had many difficulties with nested circuits.

CAS, Chavannes de Bogis, 07/11/2013




Energy management

Magnets need voltage to move their current:
Vmagnet(t) = Rmg * Img(t) + Lmg * dImg(t)/dt

Example with the PS main magnets

ST ;
e — - Imagnet,,=55kA by ] e
/ 71 L[
|

G | Nee | N W4 W UNPIE NP TN SRS IEPPIPR I A S
| average power = L A

T 248 T T T Vmagnet g, =+9KV CAMW S

D —— r ooy S

Blue: Umagnet 1 kV /div S R T

Red: Imagnet 500A / div T T _
Light blue: Power_to_magnet 10 MW / div

Power(t) = I_magnet(t) x V_magnet(t)

The peak power needed for the main magnets is #40MW with a dynamic of IMW/ms

The average power is only 4MW Ill
The challenge: Power a machine which needs a peak power 10 times the average power
with a very high dynamic lll

&)

NS




New concept for energy management

The energy to be transferred to the magnets is stored in capacitors
The capacitor banks are integrated in the power converter

» DC/DC converters transfer the power from the storage capacitors to the magnets.
« Four flying capacitors banks are not connected directly to the mains. They are charged via the magnets
* Only two AC/DC converters (called chargers) are connected to the mains and supply the losses of the
system and of the magnefts.
[0 Ac/DC converter - AFE
[[] DC/DC converter - charger module

D DC/DC converter - flying module

MMMMMM

=

AC

Patent ~“~DC converters
The global system with dedicated o | i
control has been filed as a patent T
application. European Patent Office, > Ll
Appl. Nr: 06012385.8 (CERN & EPFL) !

DC

J icrlz:: |

DC [+

+
DC [+

Flying capacitors
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Power from the mains =
Magnet resistive losses
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10MW

Power to the magnets Capacitor banks voltage
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1 +50MW peak , 5kV| to 2kV
00000000 A— £ -
UUUUUUUU / N 4 /TN
P A T N 7 i f
e 0 A N N N A /

aaaaaaaaa \V

aaaaaaaaa

Time [s]




Energy management

Example: POPS 6kA/+10kV

Control room Electrical room Cooling tower Power transformers  Capacitor banks
] 1‘:7‘:\%—-.,71,.

.~ ‘4:,‘}.‘;:\\ : .lﬁ =2 = W =

IO » T W




Capacitor banks
5kV Dry capacitors
Polypropylene metalized self healing
Outdoor containers: 2.5m x 12m, 18 tons
0.247F per bank, 126 cans
1 DC fuse
1 earthing switch
3 MJ stored per bank

60 tons of capacitors divided in
6 capacitor banks making in total 18.5MJ

Up to 14MJ can be extracted during a cyclel

The capacitors represent 20% of the total
system cost.




Energy management

Best optimization : Max power taken on the mains # magnet average power

Resistive losses of the magnets Power demand on the mains
\
12E+6

10E+6

AEER N
LN e

E .
g e f \ w —a— Cliaryen power
o : g!éf ‘;3‘ l. ‘\\\\\\
416 : =
e d / \ Y Magnet average power POPS energy management
-: \ \ 7000
OD0E+0 .
0 02 04 06 08 1 12 14 18 18 6000

b 5000 / \

4000 m V

3000 / \

w0 ) \ .

1000 / \ ud :P
A N

500 1000 1500 2000 2500

Fafe

-1000

Time [ms]




Discharged converter

Synchrotrons Linac's and transfer lines
Beam is injected, accelerated and Beam is passing through in one shot, with
extracted in several turns a given time period;
AB(T), extraction 4B (T), Beam passage
I (A) — T | (A)
M
°- acceleration f : _ ‘
| t(s) -~ t(s)
i i
Direct Energy transfer from mains is not possible:
11 L Intermediate storage of energy
Peak power : could be > MW
Rise and fall time < few ms Average power kW

&)

N/ S
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Charge

Discharged converter

DISCHARGE UNIT &
ENERGY RECOVER
SWITCHING MATRIX

— e

CAPACITOR
CAPACITOR BANK J_
CHARGER —B— LOAD
POWER ACTIVE (MAGNET)
CONVERTER FILTER \)ﬂ
X S
- lload
() (4] E\
gl ® op | 32 ;
< = et
5| ¢ &z | §3 CURRENT lload.ref
2| ® -¢| 8k REGULATOR
2 < 52 - = +
] Q S0 [t
= > %) [
®©
5 \Q:
Pulses
Machine
Timing
TIMING UNIT ——— T T T T
time
s sy
[ I = =1
H G s o § Active filter “on”
= o g =
© 8 4
ﬁ & ) /
T lload -
| -
L LU%_‘ Recovery
1 /l_;
Discharge | N\




Example of LINAC4 Klystron modulator
i

Specification symbol Value unit
Output voltage Vin 110 kV
Output current lout 50 A
Pulse length Lisetser tarttran 1.8 ms
Flat-Top stability FTS <1 5
Repetition rate Mg 2 Hz
Load Voltage

swl | |Bea

S w0 / \passage

= 20 ’ 10NN 41 \

° - 1o0OUus 1\

0.E+00 2.E-04 4.E-04 6.E-04  8.E-04 1.E-03 1.E-03
time (s)

Peak power : 5.5MW
Average power: 20kW

&)

N/ S

Capacitor bank charger
power converter, PS1

PS1, PS3, PS4 - Commercial
PS2 - CERN made
—— 120 kV High voltage cables

lm 120kV High voltage connectors

Main solid state

Anode power  Filament power
converter, PS3 converter, PS4

Hign Frequency
ISOLATION
TRANSFORMER

switches PULSE
TRANSFORMER
12 kV max (OIL TANK)
DRIVER | | DRIVER
Vps1| 0.1
7mF Capacitor

discharge

_y system

A

s
Droop compénsation power
converter or tbouncer”, PS2

KLYSTRON
(OIL TANK)

A - Anode;

C - Collector;
K - Cathode;
F - Filament




AC
Supply

Reference

Power supply

control

Power Part

T A

Load

Local control

N

Load characteristics

A

Control Transducer

are vital.

A

Transfer function is

a must |




Power supply control

The power supply are controlled by the global control system.

They need to be synchronized => Timing

Locally, a fieldbus (must be deterministic) is used to communicate with a gateway,
WORLDFIP in the LHC

ETHERNET for LINAC4

In each power supply, an electronic box (FGC) manages the communication, the state
machine and do the current control.

Real time software is implemented.

TechNet Machine timing
\ One switch and one pulse
e FGC - injector are needed per
SRR ] Gateway  |© 24 FGC3s
e ereeesreansessneansesaseassasseensasesseneneeees 30 HZ SYNC
( Eth Swi h] Gigabit Ethernet ( h -
(LILLL ernet Switc | |=mmmms Ethernet Switc
______ ,[: = = = T — ,mectm]f’“““vm,[: = : : : : Pulse im—mm] 100 Mbps Ethernet
L T
| | | |—| | | S~—~—u and

I
[recs J Lo ] e ] (e (o) [a) [0 | (o] | Sotzsmestars
FGC3 FGC3 FGC3 FGC3 == FGC3 FGC3 FGC3 FGC3
the same cable

1 2 3 4 61 62 63 64




Power supply control

Voltage loop

Digital Current loop




High-precision definition

Accuracy

The closeness of agreement between a test result
and the accepted reference value. (ISO)

Reproducibility

Uncertainty when returning to a set of previous
working values from cycle to cycle of the machine.

Pulse-to-pulse

| -
-ter! Overall precision Reproducibility

Injection instance Injection instance

time

Stability

Maximum deviation over a period with no changes in
operating conditions.

Ripole
Owershoot
R fiony -
af OAC g—\;{__ﬂﬁ_‘_’o—A
T |
Hehﬂ'? T y— I;:n'fnlg lerm stability
=Hability

Probability
density

Nee calibration to reference

Reference value

Trueness

-

>

L

+— \alue

Precision

Increasing Trueness

>

Increasing Precision




Accuracy characterisation

The term Accuracy is a qualitative concept, used to describe the quality of a
measurement. At CERN (and elsewhere) a measurement’s systems capability is often
characterized in terms of Gain and Offset errors, Linearity, Repeatability,
Reproducibility and Stability.

Linearity:
Difference in the systematic error of a measuring t Output of measuring device e
device, throughout its range. 7, =

Gain and Offset errors:

They are systematic errors that relate to the ya
trueness of a measurement.

The offset error refers to the systematic error at
zero and the gain error to the systematic error at / ,
full scale. ¥

Ideal device

...... Device with gain errar

Device with offset error

Measurement of the change in a measurement
system's Systematic errors with time. We can more
specifically refer to Gain Stability or Offset
Stability.

Noise can also be seen as a measurement of a device's ~ http://te-epc-Ipc.web.cern.ch/te-epc-
stability, although normally the term stability is used Ipc/sensors/definitions.stm

only for the low frequency range (<Hz).

—  wm D'Evice with linearity error

.

Quantity to be measure'a



http://te-epc-lpc.web.cern.ch/te-epc-lpc/sensors/definitions.stm
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http://te-epc-lpc.web.cern.ch/te-epc-lpc/sensors/definitions.stm
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Current measurement technologies
a D

DCCTs Hall effect CTs Rogowsky Shunts
= 0a PO <& &S
Principle Zero flux detection Hall effect Faraday’s law Faraday’s law Ohm’s law
OUtpUt Voltage or current Voltage or current Voltage Voltage Voltage

Typically %, better Can reach a few ppm for

Accu racy Best devices canreach a
possible with digital low currents, <% for high

few ppm stability and Best devices can  Typically not better

0, 0,
repeatability reach 0.1% than 1% integrators currents
hundreds mA to tens high currents possible, From <mA up to to
Ranges 50A to 20kA of kA 504 to 20kA up to 100kA several kA

Up to some hundreds of
kHz with coaxial

Bandwidth c[:(r:rt;:::f :;:(::r t::o::—?:?orr DC up to couple  Typically 50Hz upto Few Hz possible, up to

hundred kHz a few hudreds of kHz the MHz )
lower currents assemblies
Isolation Yes Yes Yes Yes No
Magnetic .
Error (remanence, external Magnetic Magnetic
sources fields, centering) Burden resistor (remanence, external Magnetic
. fields, centering Power coefficient,
Burden resistor e ’ J .
(thermal settling, stability, | C Tt amplifier  ,agnetizing current) (offet "t‘tg_gl'?j:‘l’.’ - tempco, ageing, thermal
) . D b . offset stability, linearity, voltages
linearity, tempco) Hall sensor stability U T e tempco) €

(tempco,
piezoelectric effect)

Output amplifier
(stability, noise, CMR,
tempco)




High-precision Current measurement chain

Anti ADC Converter
AT Control
/
Signal
Conditioning
Current E
voltage/current Transducer

signal transmission

Power
Circuit

>

Signal conditioning and filtering

multiplexing
buffering

switching

filtering

Differential inputs
And level adapting

filtering

RESOLUTION (Bits)

Precision amplifier and burden

+|5 Hi Sense Rcable

Output
Voltage

Precision i

L Amplifier @ e :

High-resolution ADC

1 INDUSTRIAL
MEASUREMENT

24
VOICEBAND,

22 - AUDIO

DATA
& ACQUISITION

HIGH SPEED:
INSTRUMENTATION,
VIDEQ, IF SAMPLING,
SOFTWARE RADIO, ETC.

=== CURRENT

STATE OF THE ART

107 (APPROXIMATE)
*

X
=3
1

-
®
1

T T T T T T T T
10 100 1k 10k 100k 1M  10M 100M 1G
SAMPLING RATE (Hz)




LHC class specification

Converter Accuracy |,
%2 hour stability | 24h stability | 1 year stability

Main Dipoles Class 1
Main quadrupoles Class 1 3 5 50
Inner Triplets Class 1 3 5 50

Separation dipoles,

] Class 2 5 10 70
Insertion quadrupoles
A ECE Class 3 10 50 200
correctors
120A orbit correctors Class 4 50 100 1000

60A orbit correctors Class 4 50 100 1000




LHC class 1 DCCT

40 -
35 - 13kA DCCT
30 1 yearly offset drift
3 25
$ 20 -
g
215
13kA DCCT 10 |
Magnetic Head 5 -
2 a4 o 1 2 3 4 Moe
ppm/year
16 13kA DCCT
ol gain yearly drift
12 A
13kA DCCT ?10 _
Electronics o g
g
& 67
4 -
Gain drift 1 year 5 ppm 2 1
0 ; ; ; : : : : .
Offset drift 1 year 5 ppm 0 1 2 3 4 5 6  More

ppmlyear




The CERN 22
bit Delta
Sigma ADC

Gain drift 1 year
Offset drift 1 year

20 ppm
10 ppm

LHC class 1 ADC

25 ~

20 -

Frequency
|_\
(63}

(=Y
o
1

(63}
1

o

DS adc22 offset
yearly drift

4 5 6 More

DS adc22 gain
yearly drift




LHC class 1 global accuracy

5 1

N Main dipole
Main Dipoles T - _ converters offset
231 yearly drift
LHC specification g2
50ppm/year 1
0 T T T T T T T T T T T )
LHC result Pk B A A S N R O
< 10ppm/year with annual calibration omves
N Main dipole
Possible improvement 4 - converters gain
< 2ppm/year with monthly calibration 53 yearly drift
5
.
0

84 7 6 5 4 3 -2 -1 0 1 2 More
ppm/year



LHC resolution

Smallest increment that can be induced
or discerned.

The resolution is expressed in ppm of maximum DCCT current.
Resolution is directly linked o A/D system.

1* s £ Al*

ref

I*
meas.




LHC resolution

Best resolution achieved = 1ppm

gof- lo = 1019.9 Amps A
<
8 4
£ 60 13 &
§ o
= =
= =
5 40F 12 =
.E o
o 201 11 €
> o
© Reference g

0 Measured| 0

0 1 2 3 4 5 6 7 8
Time in Seconds




Current regulation

The performance of the current regulation is critical for a machine. Can be a nightmare
for operators!

RST controller provides very powerful features:
Manage the tracking error as well as the regulation.

d(t)
Iref M ~ 7S ut) ga y(t) Imeas

Current reference { : Current measurement
R

N N N
Reference Z{Re 5 il Z{Measi SR Z{Acti '$}=0 [ Actuation )
. [ ) T 0 ) N
. @ T




Current regulation

Anti-windup is needed to control the saturation of the loop.
complex control loop
The real controller is shown below:

I_REF_RATE_CLIP
s

V_REF_RATE_CLIP
|_REF_CLIP V_REF_CLIP
[y

| l

[ RST:Act>Ref J+—{Sat Comp]
I_REF_RST
/ Ref, Meas & /

Act histories Voltage
3 Source

I_REF_LIMITED V_REF V_REF_SAT V_REF_LIMITED

Libfg
FuncGen

o RsT-Ref>Act | satcomp |- v Lim F—{ DAc
I_MEAS_TRIP
t  I_MEAS_LOW
I_REG_ERR_FLT |_MEAS_ZERO  V_REG_ERR_FLT

I_REG_FRR_WARN % H

A

( ; I, Lim | ] [ pelay ] Elmm i ( Evm i

V_REG_ERR_WARN %
A

V_MEAS

[ P J—— apc >« LpF

Digital Analogue
anti-aliasing anti-aliasing

V_ERR

S

I_ERR I_MEAS
—® ——{ tpr }—— apc >+ tpF - pccr }—




Current regulation

Tutorial is proposed here on the FGC currant regulation

https://project-cclibs.web.cern.ch/project-cclibs/download tutorial.htm

Here you can find some examples

https://project-cclibs.web.cern.ch/project-cclibs/plots/tests/

cctest simulation  Show all signals | Hide all signals | Toggle E-Scaling | Toggle Dervative | Show parameters | About | Help

14000 [
- pPpL
™ B_REF
W B_REF_LIMITED o000
W B_REF_RST
™ B_MEAS /
- B_ERR . /
. _MEAS 10000 ™ . —
. _REF
V_REF_LIMITED /
W V_MEAS BOOO
™ \_ERR £ n
. ax_ABS_B_ERR / A
. ax_4BS_V_ERR 6000 /; |
.r‘!. | X
4000 —7 \ I I Al
| 5 1 .
Al | /
Al |
2000 {1 |-/
[\ |y
| / of
s J
2000
0



https://project-cclibs.web.cern.ch/project-cclibs/download_tutorial.htm
https://project-cclibs.web.cern.ch/project-cclibs/plots/tests/

ripples

\/ | B
—#—  Power converter | Load . Magnet | |
H(s) F(S)
V=R.I|I+ L.dl/dt
Controlt => H(s)=1/(L/IR.s+1)

Voltage ripple is defined by the power supply &

Current ripple
Depends of the load

Current ripple : load transfer function (cables & magnet)

B-Field ripple : magnet transfer function (vacuum chamber,...)

&)

N/ S



Grounding

Particles accelerators are very sensitive to EMC (conducted and radiated noise).

Need a meshed earth ! S“Y/ou%m\\

Meshed common bonding network, l I

MESH-CBN, for both power and clean’grounds thg:tht::ltlpg
— (also bonds services and all metalwork) Item of Prt S |I.°Fr'\5
= equipment system (LPS)
Wires only provide = = \
bonds that are . Mains | = | Ground floor R
effective up to 1kHz distribution] = ob——b

.<\|€|/)_.
Short, wide braid straps h P )

0 123N Bonding
< conductors
could bond up to MHz p
Use as many as practical, ] : g : : T
spread along the joint and — % —_L/ paass T FEe 1
x : = : = - .

R

© O

—
= at both ends WI T . o
~ 5 ) Eaeﬁllt(mggs} Soil | &Pﬁ boncllshto cr|w|Es'.|-|-¢:.1555N Earth (mass) electrodes |
" additional bonds every 15-
Ny — U-brackets with RF-bonds ; 20m height in tall buildings) o ;
& ® () every 3/ metres along the fsts 2k S ; ; :
join and at both ends (f in
= = i z -
o - MHz) are effective up to f Meﬁ;:l%;l%mggﬁ.'g?or “Structural steelwork | —». Bondﬂgd?;g:ﬂom
But continuously seam-welded or conductively-gasketed joints are best @ —l-ﬁz%r

gr— 9
I==T=X=X/ E.‘..:)--I__

Bonds across
non- metallic

http://indico.cern.ch/getFile.py/access?cont st |
ribld=44&sessionld=9&resld=0&materialld

Air ducts, vents,
= flues, chi , etc.

=slides&confld=85851

&)

Short bonding conductors used
where direct metal-to-metal
fixings or welds are not practical

J Gratings, ladders,
walkways, fences, etc.

N/ S



http://indico.cern.ch/getFile.py/access?contribId=44&sessionId=9&resId=0&materialId=slides&confId=85851
http://indico.cern.ch/getFile.py/access?contribId=44&sessionId=9&resId=0&materialId=slides&confId=85851
http://indico.cern.ch/getFile.py/access?contribId=44&sessionId=9&resId=0&materialId=slides&confId=85851

Grounding

Appling good EMC rules to power supplies:

Common Bonding Network

" With Low Impedance Connections:

73~ CBN 74~ CBN

* Rack structure, cable trays, Metallic « Ire.

= ddifionnal fo Protective Earth connection
— 9 Addi I to P E:

Frames inlerconnections (providing adequale

surface treatment is used)

=
et I o T ,."/ T -
y (O] “""""" = / “~~.  Mandatory
||||||||||||| |||||||| p [ Brotective Earth
“. Cable

SN Building
-._._v ';,, K,

\ Earth
.’! N, . i =
A |||||||||||||||||||||| 4
//
-
// -
T //
.//
i CBN
/’/ :Jr
//
//
il =
P - Additionnal Copper plate or metallic structure for re-inforcing CBN
o =
////
T

Concrete floor




What do an accelerator physicist should specify ?

If you have already designed the magnets without including power supply engineer, you
have already made a mistakel!

Powering optimization plays with magnet parameters

The power engineer has to be included in the accelerator design from the beginning!




What do an accelerator physicist should specify ?

Magnet parameters:
Inductance, in mH
Resistance, in m(2
Maximum current
Voltage rating
DC cable resistance, in m{2

much better, magnet model including saturation effect

Load Saturation model

Inductance
L7 \ </[L )=
L . S()=f(1).L |
— |
Load model 3 - | g
sat
V. V.

» Current

sat_start 'sat_end




What do an accelerator physicist should specify ?

Magnet operation:

Precision class

Type of control: Current / B-field

Maximum current ripple

C I 1- l M SPLINE 1250
omplete cycle = seun
. . | 1000
Injection current RET
. I |_MEAS 750
Maximum dI/dT, ramp-up = | ERR
. W V_REF 500
Maximum flat top current ey
Maximum dI/dt, ramp-down RiEm = \
M MAX_ABS_|_ERR N —
Return current H MAX_ABS_V_ERR \ ff
Cycle time 250 /

/& CCTEST - Windows Internet Explorer

=10l x|

i S—
/e |2 potectesticctest-nne O =4[] 2 ceTesT x R

cctest simulation :  Show all signals | Hide all signals | Toggle E-Scaling | Toggle Derivative | Show parameters | About | Help

Degauss cycle / pre-cycle

Mag neT p r‘OTeCT io n Sys-‘.em 0.00 025 0.50 0.75 1.00 125 150 175 200 225 2,l5l]

|_MEAS_TRIP
I|_MEAS_LOW } :
|_MEAS_ZERO

| REF_CLIP
|_REF_RATE_CLIP
|_REG_ERR_WARN
|_REG_ERR_FLT
VREFCUP|
V_REF_RATE CLIP
V_REG_ERR_WARN
V_REG_ERR_FLT

0.00 025 0.50 0.75 1.00 125 1.50 175 200 225 250

Power supply functional specification




Power supply delivery

From power supply functional specification https://edms.cern.ch/document/829344/3
Power supply design 7 \\EK
L\ & is
N N N
. . AT AN 'a
simulation NOSO Ie

Component design

Minimum 18 months
3D mechanical integration

Production

Laboratory Tests

On site commissioning

&)

N/ S


https://edms.cern.ch/document/829344/3

Summary

Power supplies are the main actuators of a particles accelerator.
The performances for particles accelerators are very challenging.

Creativity on many technical fields are required!

More training :

Special CAS on power converters

PR
ST o T 7 - 14 May 2014
s TV
Q i
AR Baden (CH)
\;‘;_ o "\‘ -
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