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Section 2
= Purpose
=  Goals

= |ntended Audience

Civil, Mechanical Designers

Control Engineers

Electrical Distribution System Designers
Maintenance Personnel

Magnet Designers

Operators

Physicists

Power Conversion / Power Supply Designers
Project Engineers / Managers

Safety Engineers / Designers
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Purpose

 Provide an overview of Accelerator Power Electronics Engineering with an
emphasis on DC and an overview of pulsed power supplies

Goals

* Provide a historical overview of Accelerator Power Supplies from early
designs, to presently employed technology, to some promising future
developments now in incubation

« Survey the most pertinent power supply topologies from the perspectives of
accelerators, load type and rating

*Give other, non-power conversion disciplines a glimpse of, and a better
understanding of, Power Electronics Engineering

Define the information needed for the power supply designer, or user, to make
appropriate choices for power supply type, design, and rating
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1< Intended Audience

 Civil, Mechanical Designers — interest in facility space, mounting, cooling

June 2017 Section 2 - Purpose, Goals and Intended Audience



1< Intended Audience

 Electrical Distribution System Designers — AC distribution requirements,
address and reduce harmonics and EMI

» Maintenance Personnel — power system reliability and maintainability

« Magnet Designers — tradeoffs between power supply output voltage, current
and stability limitations and the magnet design. The power supply role in
magnet protection via cooling interlocks and ground fault detection and
protection

June 2017 Section 2 - Purpose, Goals and Intended Audience



1< Intended Audience

 Accelerator Operators — Power supply control and operating characteristics

 Physicists — Power system rating limitations, magnet configuration options vs.
physics tradeoffs, long and short-term current stability limitations
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1< Intended Audience

« Power Conversion / Power Supply Designers — power systems from another
point of view

» Project Engineers and Managers — Power conversion system costs

2

—

« Safety Engineers / Designers — Personnel and equipment safety in an electrical
power environment. General power safety provisions
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Section 3

Mathematical Preliminaries

Why Mathematical Preliminaries

Average and RMS Values

Complex Exponentials

Differential Equations

Linear Systems

Impulse and Step Functions

System Transfer Function

Fourier Series and Transforms

Laplace Transforms
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Why Mathematical Preliminaries?

We need to use circuits and understand their behavior
— Power supply loads
— Filter circuits
— Pulse shaping circuits
— Feedback and control circuits

Many important circuits are passive, consisting of
— Resistors

— Capacitors

— Inductors

Section 3 — Mathematical Preliminaries
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< Why Mathematical Preliminaries?

 For these circuits we the voltage-current relations for each element

- Vp = Rip
dif,
I T
. d‘UC
T =0
« And

Kirchoff’s Voltage Law for each loop:
N

Z v, =0

n=1

Kirchoff’s Current Law for each node
N

Y i

]
[N
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Why Mathematical Preliminaries?

Solving circuit equations therefore involves solving differential equations,
which includes calculus, integration, and convolution

Fortunately circuits containing only passive elements can be well-
approximated by linear systems

If we learn the mathematics behind linear systems
— Fourier and Laplace transforms and their inverses
— Impulse and step functions

We can trade

— Calculus for algebra
— Convolution for multiplication

Section 3 — Mathematical Preliminaries
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I« Mathematical Preliminaries — Average and RMS Values — Rectangular Pulses
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I« Mathematical Preliminaries — Average and RMS Values — Rectangular Pulses
TOTl — TOTl
Ton +Tosr T

Duty Factor = DF =

Fa\,ez_l_i_“tt:OTf(t)dt, if f(t)=F, duringT,,

t=T,
Fove =ij = dt_TTO”*F =DF*F,

Frms=#f:§ f(O7dt . if f(t)=Fy during T,

t=T,
rms_\/ J‘t " mzdt:\/-l:rﬂ*Fm:VDF*Fm
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1< Mathematical Preliminaries - Complex Exponentials — Phasor Form

rad

Given w = 2nf ) F time (sec), V = |V| * £(wt + ©)

1.000000 PHASE ANGLE SHIFT

0.800000
+— V), (wt) =|V;| fcoswt

0.600000

X A _ /V2 (wt) = V5| * cos(wt — @)
v 0.200000
wt
Y V2 (a)t) 0.000000
0 50 350 400
-0.200000
- -0.400000
— ﬁ -
-0.600000
-0.800000
-1.000000
Vi(wt) = |V;| * cos wt, Real, in-phase component only
Vi(wt) = |V;| * £(wt + 0)=|V;| * £0 phasor form
V5 (wt) = |V,| * cos(wt — @), in-phase and out-of-phase components
V,(ot) = |V,| *x £(wt — @), or V,=|V,|*2— @ phasorform

June 2017
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4« Mathematical Preliminaries - Complex Exponentials - Exponential Form

Euler’s Identity: Ae’* = A(cos X + j sin X)
Use the trigconometric identity
cos(U+xV) =cosU*cosV + sinU*sinV

V,(wt) = |V,| * cos(wt — @) = |V,| * [cos wt*cos I+ sin wt*sin D]

im 0&)0 Re V,=|V,| cos @

| V2]

ImV, = |V,|sin®

|V2|sing

He (a)lj V, = |V3|cos@ + ] |V,|sin®

|V2|COS¢>

v, :|V2|ej®
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< Mathematical Preliminaries - Complex Exponentials

V,(wt) = |V,|e/ @t = |1, |e+i® exponential form

|V, | = |V,] *\/cos(Z)2 + sin@? = |V,]| x 1

*This has _ _
to move « Lastly, since the magnitude of the

\ complex exponential is always 1, this
function gives us a steady state
eigenfunction of the  constant,

differential and integral operators we
will need to analyze circuits

) Eigenfunction = any function that
satisfies a differential equation

June 2017 Section 3 — Mathematical Preliminaries
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< Mathematical Preliminaries - Complex Exponentials

« The phasor amplitude is the eigenvalue of that frequency

« For example if the behavior of a system is determined by the equation
—b+Vb?%-4ac

2a

ax? + bx + ¢ = 0, the roots given by the quadratic formula x =
are the eigenvalues or the roots of the system.

\&{» Eigenvalue = proper value or characteristic roots

 |f the input to a system consists of a single frequency, the output will consist of
just that same frequency, although with a different amplitude and phase than the
Input
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< Mathematical Preliminaries - Differential Equations
Differential equations describe systems that change with time
For a system with time varying quantities, u(t), y(t), that satisfy
dy (t
the differential equation % =au(t)

y(t) depends on its past values as well as those of u(t)

ay(t) _ i y(t, +At)—y(t,)
dt At—0 At

=au(t)

y(t, +At) = y(t,)+ Atau(t, )
Continuing this to construct y(t) at later times

y(t, + 2At) = y(t, + At)+ Atau(t, + At) = y(t, )+ Atau(t, )+ Atau(t, + At)

N-1
y(t, + NAt) = y(t,)+ad_ Atu(t, + nAt)
n=0

Resulting in the integral equation

{
y(t) =y(t0)+aju(r)dr
b

January 2015 Section 9 - Controls

22



Mathematical Preliminaries - Differential Equations

Differential equations describe systems that evolve with time

In general, given a driving term u(t) and a driven term y(t), one can
define a differential equation for the evolution of y(t)

dy(t) B
rT + ay(t) = bu(t)

y(t) depends on the past and current values of itself and w(t)

The derivative is defined as

so that

June 2017

dy(t) .. y()—y(t—At)
= lim
dt At—0 At

= —ay(t) + bu(t)

y(t) = y(t — At) + At[—ay(t) + bu(t)]

bAt_
~ 1+ ait Tt ane 4
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January 2015

Mathematical Preliminaries - Differential Equations

If we continue this construction
y(t + At) = y(t) + At[—ay(t + At) + bu(t + At)]
1

bAt
= At|— A At
T T aht t ] _l_aAtu(t) + At[—ay(t + At) + bu(t + At)]

u(t) N u(t + At)
(14 aAt)? 1+ aAt

N+1

1 u(t + nAt)
y(t+ (N + 1)At) = EPIOL y(t—At) + b Z(:) 1+ aho)i—n

y(t + At) = 1+ ab)? y(t—At)+ b [

From this we can continue on to obtain the exact solution
t

y(© = e [y(t) + | e u(odr]
to
which can be obtained by, for example, the method of variation of
parameters.

Note that the ay term in the differential equation gives rise to a term
e—at

that acts to damp out initial conditions and past inputs.

Section 9 - Controls
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< Mathematical Preliminaries - Linear Systems

A linear system, h[x] is defined such that for inputs x; and x,, if

y1 = h[x;] and y, = h|x;]
then

ay, + by, = hlax; + bx,]
This is the principle of linear superposition.

Examples of linear systems:
Constant gain system

Sum of two constant gains

Derivatives

Integrals

hl [x] — Alx V — R]_I
hz [x] — Azx + A3x V — Rz[ + R3I

dl
hslx] = Ay — V=L4a

holx] = Asfxdt  V=—[1ldt
5

We are interested in linear systems because there are many mathematical
tools available for use on linear systems and because many common physical
systems and components are linear: Resistors, Inductors, Capacitors

June 2017 Section 3 — Mathematical Preliminaries
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|«

Mathematical Preliminaries - Example of a Nonlinear System

h[x]=e" This is a nonlinear system

Proof:

b
(BX+DX)_ gaxgbx , g aX 4 hgX

We note that non-linear systems can often be approximated by linear systems

June 2017 Section 3 — Mathematical Preliminaries
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Mathematical Preliminaries - Impulse and Step Functions

The problems we investigate involve a control signal acting on a system

We simplify the solution by representing the control signal as a sequence of
elementary functions

Then we need to characterize the response of our system to these
elementary functions

Finally, we use the properties of linear systems to obtain the response of
the system with the control signal acting on it

Two such commonly used elementary functions are the impulse function
and the step function

Section 3 — Mathematical Preliminaries
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I« Mathematical Preliminaries - Impulse Functions - Discrete and Continuous

Continuous Dirac delta function, §(t) properties

A '
5(t)=0, t=0 S(t)=c0, t=0 Height = oo
r Width =0
jé(t)dt - Area=1

—00

Functional representation

o0

f(t) = | F(t)o(t—t,)dt >

i t=0 {=o00

Discrete impulse function properties Hetant - 1
5[n]=0, n=0 s[n]=1, n=0 Widn =0
Functional representation

f[n]= 3 f[K]&[k-n]

k=—o0

k:O K —> o.
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Mathematical Preliminaries - Function as Sum of Delta Functions

o | T
TT@ ¢
I |
)= 3 flnfaln—k] "5l ]| [4°
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< Mathematical Preliminaries - Continuous Step Function

Properties Height =1

U(t) =0, t<O0
Uu(t) =1, t=>0

Relation to Impulse t=0
d
5(6) = —U(t)

Functional Representation

f(t) = j FOS(E — to) dt

_ f T (iU(t—t0)> dt

e d
= f(U(t —ty) ‘ f U(t —ty) ];it) dt

= f(0) — j f()dt—f( ) = (f () = f(t)) = f(to)

June 2017 Section 3 — Mathematical Preliminaries
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< Mathematical Preliminaries - Discrete Step Function

Heaviside step function _
Uln] = 0, n<o Height =1

Uln] = 1, n=0

Relation to impulse

5[n] =U[n] — Uln — 1]

Il
o

N
Functional representation

Zf

k=—o0
- Z flk) ULk —n] — Uk —n — 1])
k_—oo
- Z (FIK] = fTk +11) ULk = n]
k=—o
= > (Flkl = fle+1]) = f[n]
k=n
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< Mathematical Preliminaries - Function Approximation with Steps

y(n) J= 3 (f[n]- f[n-1])U[n-K]

k=—00
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< Mathematical Preliminaries - System Transfer Function

Impulse Response
07 T T T T T T T T

Amplitude

0 R ——

0.1 7

_0.2 1 1 1 1 1 1
0 2 4 6 8 10 12 14 16 18

Time (seconds)

The impulse response of a general system is causal
There is no response before the impulse occurs

The impulse response, in general, also lasts after the impulse ends
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< Mathematical Preliminaries - System Transfer Function

The input to the system can be represented as a series of impulses, x[k].
For each impulse, the output at any later time is the system response to that impulse

yln] = hln — k]x|k]
The total system output for the total system input is

ylnl = ) hln— klx[k

k=—o0

where h[n] is causal, so vanishes for n < 0.

For continuous systems, this is

y(t) = jooh(t —w)x(u)du

These are convolution integrals and sums.

If one Fourier-transforms this integral relationship, the convolution

Integral in the time domain becomes a product in the frequency domain
Y(w) = Hw)X(w)

June 2017 Section 3 — Mathematical Preliminaries 34



< Mathematical Preliminaries - System Transfer Function

We want to convert the convolution integral of the input with the impulse
response into the frequency domain.

We first need to define, and then use, a representation of the delta function

1 .
6(w — wo) — %‘[ e]((l)—a)())tdt

Intuition:
For w + w,, the Integrand oscillates, so the average value vanishes

For w = w,, the integrand is unity, and the integral is infinite

June 2017 Section 3 — Mathematical Preliminaries 35



< Mathematical Preliminaries - System Transfer Function

We now return to the convolution integral

y(t) = jooh(t —w)x(uw)du

and insert the transforms for h(t — u) and x(u)

y(t) =

| [ e xper iy dogdo

(Zn)zj j j H(w)X(w,)el®tel(@1=0) gy de, dw

1 rOO OO
= ) j_ooH(w)X(a)l)ef‘”thl — w)dw,;dw

_ 1"
-2

. 1 ® .
H(w)X(w)e!®tdw = %j Y(w)e!®t dw

Therefore Y(w) = Hw)X(w)

The transform of the output equals the product of the transform of the input
multiplied by the transform of the impulse response.

June 2017 Section 3 — Mathematical Preliminaries
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Mathematical Preliminaries - System Transfer Function

Given an input, x(t), a system, h(t), and an output, y(t),
the Transfer Function is the Fourier Transform of h(t)

H ()= T h(t)e 1t dt

Section 3 — Mathematical Preliminaries
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Mathematical Preliminaries - Fourier Transforms

Fourier transforms represent some of the Eigen functions as
combinations (sums/integrals) of complex exponentials.

The standard Fourier transform pair for continuous functions is

F ()= of fe it ()= T F(w)ejwt(;—fz)

For periodic systems, with a period, T, the only complex eigenvectors that
can be used to represent the signals are those whose frequencies are
multiples of the “fundamental harmonic”, w = 2 /T.

Periodic functions are represented by the infinite sums of the appropriately
weighted harmonics. In this case the Fourier transform pairs are

1 T2 _jeEn 0 2zn

“T/2 N=—o0

Section 3 — Mathematical Preliminaries
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1< Mathematical Preliminaries - Fourier Series

Using Euler’s formula, we can also represent these relations as

27N

21
a0+2a cos?t+2b -t

The series is complete, that is, it can represent any continuous function
The terms of the series are orthogonal

1T
%=;fW0m
0
T/2
anzzj f(t)cosﬁtdt
T—T/2 T
T/2
bnzgj f (t)sin 2"t
T—T/2 T

June 2017 Section 3 — Mathematical Preliminaries
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Mathematical Preliminaries - Fourier Series Properties

The DC term is orthogonal to all others

T/2 2ntnt __ (T/2 . 2mnt .
f_T/zcosTdt = |_;,sin—/—=dt =0

The sinusoidal terms are periodic, so the integral over one period
vanishes.

All cosine terms are orthogonal to all sine terms. Using sinA cos B =
1/2[sin(A + B) + sin(A — B)]

(T/2 2mnt  2mmt 0
. COs ——sin—
1 (T2 2n(m+n)t T2 2n(m —n)t
=—[j sin dt+j sin dt] =0
2 ~T/2 r -T/2 T

Section 3 — Mathematical Preliminaries
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Mathematical Preliminaries - Fourier Series Properties

Cosine terms are orthogonal to other cosine terms. Using
cosAcosB = 1/2[cos(A + B) + cos(A — B)]
we get

cosS CcoS dt

J T/2 2nnt  2mmt
_T/2 T T

1 (T/? 2n(n + m)t /2 2n(n —m)t
= [J COS dt + j CoS dt]
2°) 12 r ~T/2 r
_ {1/2 n=m

0O n+m
Using sinAsin B = 1/2[cos(A — B) — cos(A + B)], we find the same
relationship for products of sine terms.

Section 3 — Mathematical Preliminaries
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1< Mathematical Preliminaries - Fourier Series Definition

« Using the calculations above, we represent the Fourier series of the
periodic function f (t)

ft)=ayg+Xn=1 (an cos@ + b,, sin @)

where

1 T/2

Ay = = f(t)dt
r)_ 7,

T/ Zf(t) 2mnt -
a, == coS
ToT T/2 T

2 (T/? ~ 2mnt

b, == f(t)sin dT
) _r,,

June 2017 Section 3 — Mathematical Preliminaries
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|«

Mathematical Preliminaries — Fourier Square Wave Expansion
0 -T/2<t<0
FO=11 o<t<T/2
1 (1/2 1
= — dt = =
o TJO 2
2 (T/2 2nnt 2 T 2nnt \T/2 1
an:T-[o COS T dtzf%sm T ‘0 =Esmnn=0
. 2 JT/Z  2mnt e 1 2mnt ‘T/z 1 . )
n = T ; Sin T = ™ COS T 0 = ™ cosnrmt
1
=—(1- (D"
m o
1 1 2nnt
= — _— — (— n 1
FO) =5+ ) — (1= (~DMsin =
n=1oo
. _1+Zz _ 27t(2n+1)t
O =0t L s T

n=0

June 2017 Section 3 — Mathematical Preliminaries
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< Mathematical Preliminaries — Fourier Square Wave Expansion

 Fundamental term

dominates square wave harmonic decomposition
 Harmonic terms mainly e

contribute to sharp )L

transition at edge
« Since the square wave 08T

function is discontinuous, el ~ A

“Gi 3 AR TN W VN W oV VAT, T e
ZZ; Se)c)z’ges have “Gibbs :.%L ) éﬁ%@%ﬂ ﬁ@t’gﬁ%{} *«'-tvv

0.2

—D .2 1 1 1 1 1 1
0.5 04 03 -02 -01 0 0.1 02 0.3 0.4 0.5

phase ¢/{2%r)
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< Mathematical Preliminaries — Fourier Triangle Wave Expansion

C 1+42t/T -T/2<t<0
FO=4_20r o<t<1/2

T/2

1 0
o = U-T/z(l + 2t/T) dt + fo (1-2t/T) dt]
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< Mathematical Preliminaries — Fourier Triangle Wave Expansion

2 f" 1+2t 27mtdt+jT/2 2 2mnt
an—T[ ” 7| cos— ) 7 | cos— ]

2 UT/Z 27mtdt+ 2]0 . Znntdt ZJT/Zt 27mtdt]
- = COoS — COS — = COoS

(2)2 UO t 2mnt . jT/Z t 21t dt]
=\ = COS — COS
T) ) ) T . T

_ (2 met T gt
- T , COS T

<2>Z[T Zﬂnt‘T/Z T (T2 2mnt

—tsin —— sin
2mn T o 2nn J, T

- dt]

2

2
— 9 (E> (L) (1 — cosnm) = ° 1-0EDM)

T 21N _ (1tn)?> o
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Mathematical Preliminaries — Fourier Triangle Wave Expansion

2[ (7?2 2mnt 2 (Y - 2mnt 2 (T2 2mnt
b, == j sin dt+—j t sin dt——j t sin
0

T\ rp T T) 1), T T T
2\* T 2mnt (0 T [° 2mnt

- (T) [—%tcos 7 ‘—T/Z — s cos— dt
T 2nmnt /2 T (T/2  2nnt

+%tcos 7 ‘0 R y— ) COS dt]

2\°[ T T T \? T T
:<T> [—%Ecos(—nn)—(%) sin (—nm) + ——= cos (nm)

2mn 2
T \2
— (—) sin mr] =0
2mn

T <~ 2 2
fO =5+ ) =5 (1= (1" cos T
n=1
T /2\° < 1 2m(2n + D)t
f(t)ZEJ’(%) ;(2n+1)zcos T
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Mathematical Preliminaries — Fourier Triangle Wave Expansion

Fundamental term again

dominates
Now harmonics mainly 1 | trianglel- wa\rel harmonic I:I\Iec:um?nsitiuln
contribute to peaks 0ol A
Sharp corners require high -
harmonics
Triangle wave is continuous
SO expansion approaches é “
waveform everywhere %”5

04T

0.3

0.2

0.1

=

phase &/{2%7)
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Mathematical Preliminaries - Advantages of the Frequency Domain
When working with linear, time-invariant systems, there are several
advantages to moving from the time domain to the frequency domain.

If x; » y; andx, - y, and if ax; + bx, = ay; + by,
then the system is linear.

If x(t) - y(t) and if x(t — ty) = y(t — tp)
then the system is time-invariant.

Each frequency corresponds to a unique eigenfunction of the system and
the system response for each frequency can be calculated
Independently.

Section 3 — Mathematical Preliminaries
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< Mathematical Preliminaries - Laplace Transforms

 There is another transform often used in system analysis, the Laplace
transform.

* |t is closely related to the Fourier transform in that it is also based on
system eigenfunctions.

 In addition to “real” frequencies, it also uses complex frequencies that
allow it to also study decaying solutions.

 As with Fourier transform, integral must converge in order for transform to
exist.

* |t is convenient to use Laplace transforms for the study of solutions to
problems with initial conditions.

« The variable used in Laplace transforms is often s = jw

June 2017 Section 3 — Mathematical Preliminaries 50



June 2017

Mathematical Preliminaries - Laplace Transforms

The Laplace transform is used for analysis of systems with given
Initial conditions

For a given function of time, f(t), its Laplace transform, £(s), is
defined as

L(f(t)) = F(s) = jo f(t)e stdt

f(t) has to grow less quickly than e~St descreases as t — o

When working in the frequency (s) domain, we express transfer
functions in terms of known Laplace transforms and take the inverse
transform, L~1(F(s)), to obtain the time domain solution.

Section 3 — Mathematical Preliminaries 51
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Mathematical Preliminaries - Laplace Transforms
Delta function: f(t) = 6(t)
F(s) = j S(t)e Stdt = 1

0

Delta function with delay: f(t) = §(t — ty),t = 0
F(s) = e Sto

Step function: f(t) = U(t)

co

1
F(s) = j U(t)e Stdt = j e~Stdt = ——e—St| =_
0 0

Step function with delay: f(t) = U(t — ty),t =0

e—Sto

F(s) =

S

Section 3 — Mathematical Preliminaries
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Mathematical Preliminaries - Laplace Transforms

Ramp function: f(t) =t
Use integration by parts (IBP)
b

b b
j udv = uv| — j vdu
a a a

u=tdu=dt;dv =eStdt;v = —e 5 /s

oo

t
F(s) = f te Stdt = ——e™5t
0 s

(0.0)

1 1
+—f B_Stdt:—z
0 S Jo S

Exponential function: f(go) = e with a an arbitrary complex number
F(s) =j ete~Stdt =] e~ (s—a)tgy
0 0

1

e—(s—a)t ‘oo — 1
S—a

0 S—a

F(s) = —

Only if lim e~ (=@ exists does F(s) exist. Therefore Re(a) < 0. Note that

t—o oo

a can be imaginary.

Section 3 — Mathematical Preliminaries
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Mathematical Preliminaries - Laplace Transforms

Sinusoidal functions: f(t) = coswt  f(t) = sinwt

We could do this from the definition and IBP, but instead we use Euler’s
formula, exponential transforms, and the linearity of the Laplace transform

2

= 1 j e_(s_jw)tdt _|_ J e_(s-l'jw)tdt = 1 1 - _|_ 1 -
2\ J, 0 2\s—jw s+jw

© 17, . .
F(s) = j cos wt e Stdt = —J (e/@t 4 e~ J@t)eStqt
0 0

F(s) = sin wte Sldt = ———
() fo s% + w?

Section 3 — Mathematical Preliminaries
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Mathematical Preliminaries - Laplace Transforms

dg(t)

Transform of a derivative: f(t) =~

F(s) = jwdiit)e—stdt
0

=g(t)e "t

-+ j sg(t)e Stdt
0 0

= gD~ | +sf g(H)e=stdt
0

F(s) =sG(s) —g(0)

where we have used integration by parts and G(s) = | Ooo g(t)e stdt

Section 3 — Mathematical Preliminaries
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Mathematical Preliminaries - Laplace Transforms

f@©) =L7(F(s)

F(s) = L(f(1))

5(t) 1
U -
s
: L
52
p—at 1
s+a
s
cos wt T
. w
Sin wt 2+ o2
o s+a
e % cos wt Gt aita?
w
e~ sin wt Gtaitw?
e $G(s) - 9(0)
f(t—1to) e StF(s)

June 2017
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Mathematical Preliminaries - Inverting Laplace Transforms

« Laplace Transforms simplify the calculations of system behavior, but these
calculations are performed in the complex frequency (s) domain.

e |In order to return to a time domain function, the s domain function must be
Inverted.

 Inversion of these functions can be performed via complex variable
techniques.

« Much more commonly, one uses readily available tables of functions and
their Laplace transform pairs

e There also exist such transform tables for Fourier transforms.

U http://www.vibrationdata.com/Laplace.htm
“&(; http://en.wikipedia.org/wiki/Laplace transform

http://mathworld.wolfram.com/FourierTransform.html
http://en.wikipedia.org/wiki/Fourier transform
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< Mathematical Preliminaries - Inverting Laplace Transforms

« Response of a single pole low pass filter to an impulse

H(S)=5+a

(H(jw) = )

jw+a
(H(0) = 1; 3 dBrolloffatw = a)

X(is)=1

Y(s) = H(s)X(s) = s

y(©) = L7 (Y(s)) = L7 (s + a)

y(@t)=e

June 2017 Section 3 — Mathematical Preliminaries
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< Mathematical Preliminaries - Inverting Laplace Transforms

* Response to a step:

a 1

Y(s) = H(s)X(s) =
s+as
y(t) = £‘1< - 1)

s+as
Use partial fractions to expand argument and then linearity of £

a A B

——=—+ a=(s+a)A+sB

s(s+a) s s+a

s=0=>A=1

s=—a=>B=-1
a 1 1 1 1 1
s+as S S+a S Ss+a

=1—e %

June 2017 Section 3 — Mathematical Preliminaries
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Mathematical Preliminaries — Inverting Laplace Transforms

« Response to an exponential:

x(t) = e Pt
1
X(s) = L(e7bt) = 7
1
V(s) = H($)X(s) = S j as+b

J(t) = L1 a 1 __a -1 1 B 1
s+as+b b—a s+a s+b

a

— —at __ —bt
_b—a( )

June 2017 Section 3 — Mathematical Preliminaries
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Section 4

Typical Load Types

Resistive — Electron Beam Filament

Resistive - Titanium Sublimation Pumps (TSPs)

DC Magnets

Klystrons

Electron Beam Gun

Pulsed Magnets

Section 4 - Types of Loads
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Resistive Load Characteristics
Electron Beam Guns (Filament) / Titanium Sublimation Pump Heaters

 High temperature — 1,500 © C not uncommon

« High current — 10 to 100s of amperes, low voltage, typically < 50 V

« Short thermal time-constants - 100s of milliseconds, power stability needed to

keep temperature constant

* Resistive with (+) metal or (-) carbon temperature coefficient of resistance

« Power with constant voltage, current or power. Might have to avoid DC (more
later in AC Controllers) depending upon circumstances

« Heat gradually to avoid thermally shocking and breaking brittle loads

» Usually linear V-1 and R-T characteristics, but sometimes non-linear

VA

Slope =R

»

June 2017

R

RRef

A

R()=Rpef (1+ oeATtrer )

»
tref Temperature (t)
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Resistive Load Characteristics
Electron Beam Gun Filaments / Titanium Sublimation Pump Heaters

Ideal Characteristics

 Low potential barrier (work function)
 High melting point

« Chemical stability at high temperatures

* Long life

- C' ’r' Work function - the minimum energy which must be supplied to extract an electron from a

Z  solid; symbol ¢, units J (joule), or more often eV (electron-volt). It is a measure of how tightly
electrons are bound to a material. The work function of several metals is given below:

Material Work function (eV)
Sodium 2.75
Silver 4.26
Titanium 4.33
Silicon 4.60
Gold 5.31
Graphite 5.37
Tungsten 5.40

June 2017 Section 4 - Types of Loads
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< Titanium Sublimation Pumps (TSPs)

e Titanium Sublimation Pumps (TSPs) are used to pump chemically reactive,
getterable gases, such as H,, H,O, CO, N,, O,, CO, from vacuum vessels.
Titanium is effective, easily sublimed, and inexpensive.

» TSPs filaments are 85% titanium and 15% molybdenum, a combination
which prevents premature filament “burnout” and have high pumping
speeds, typically 10 | / sec / cm?

\I

~

,ﬁ, Sublimate - To transform directly from the solid to the gaseous state. Deposition is the passing from the gaseous to the
47 <7 solid state without becoming a liquid.

V4

June 2017 Section 4 - Types of Loads



< DC Magnet Loads — Characteristics

 Linear and inductive with long (mS to sec) electrical time-constants (7= L/R)

« Families include dipole steering, quadrupole and sextupole focusing /
defocusing, corrector / trims

* Driven by constant current and require high current stability
(A1 in PPM)

« Correctors / trims frequently require current modulation for beam-based
alignment / diagnostic systems, orbit correction and stabilization

« Air-cooled or water-cooled (temperature or flow interlocks to power supply)

 Occasionally series-connected in strings and powered from a common power
supply to reduce power system cost
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DC Magnet Loads — Characteristics

\l.\_\:.\_ \:.\_\2.\_
| C |
:ii = Rcable  ~2- :i:
< -=- - <
r ‘/VV\-KYW‘ T
I—Cable
|I===g--—~"
Lo !
: | | RMagnet
A | L
I /' N :
|
| ! : I—Magnet
! i
TR N
C 1 VVV S
< HA- R d- <
s~ 7 TN T
9 Cable 1
. Cl
177 177 ﬁ‘;.;,;.; .
epresentation
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Ampere's Law

e g NI

B=uH = |

Lorentz Force Law

F =q(E+(vxB))
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< DC Magnet Loads — Characteristics

i(©)

R= Rcanle ¥R Magnet

I:QMagnet

I—Magnet

Using Kirchoff's voltage law (KVL):

di(t
'V(t)"‘(Rcable+Rmagnet)|(t) +L Io(|t):O

Ri(t)+ L O(lt)_ v(t)
Converting to the s domain
RI(s)+Lsl(s)-Li(0)=V(s), Buti(O):OandV(s)z\é

Rearranging gives

I(s)L( R \él Iet%:a and %zizr
S a
t

i) =2(1-¢7)
t/z

I(s)=2L ¢

R s(s+a)

v (t)=Ve~
June 2017 Section 4 - Types of Loads

V(t)AL V
t>
i(t)A V/ L: V/R
! l—’l—’l—’l—’l—’ t>
—IANM <t LO
*
Va(® (V/I_E)R IR
l-’l-’l-’l-’l-—’ t}
—I AN M <TLO
VL(t) V
P PP {
—IANM < LO

67



June 2017

DC Magnet Loads — Characteristics

Slope = Rcable +

|
DC V-l Characteristic

Section 4 - Types of Loads
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DC Magnet Loads — Characteristics

+ -
W
I RCable +
+ RMagnet
V -
- I—Magnet
I
200A[~——=——=———~-
100AfF - — —————

>

1 GeV 2 GeV
Beam Energy

Section 4 - Types of Loads
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< DC Magnet Loads — Characteristics
M1 MZ M3 Mn—l Mn

String (series-connect) magnets for economy when there are no special optics
requirements. The current in each series-connected magnet is the same.

E%;insertion device (ID) is a component in modern synchrotron light sources.
They are periodic magnetic structures that stimulate highly brilliant, forward-
directed synchrotron radiation emission by forcing a stored charged particle
beam to perform wiggles, or undulations, as they pass through the device.
This motion is caused by the Lorentz force, and it is from this oscillatory
motion that we get the names for the two classes of device, which are known
as wigglers and undulators

June 2017 Section 4 - Types of Loads
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Photograph of an Insertion Device at the APS

Section 4 - Types of Loads
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€ Klystron Load

 Klystrons in RF and microwave systems accelerate particle beams. They need a
power supply and an RF source.

* Their transfer function is called perveance (k) which expresses the beam current
and accelerating voltage relation. It is usually expressed as pp.

* In LINACs they operate in a pulsed mode to accelerate particle beams

* In boosters and storage rings they operate in continuous-mode to supply make-up
energy to the partlcle beam to compensate for energy losses or for beam bunching

g Klystron Load
| | 500,000
= 450,000
------- 1 400,000
i ;I i i 35III:IIIIIIII| I:_k*vm$ 7
s 300,000 k=0.75 *10
el E" 250,000
> 200,000
o > 150,000 -~
‘ 100,000 i
l 50,000 /
| 0 . . . .
i 50 100 anps 50 200 250
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Klystrons and Accelerators

 Electrons and positrons may be accelerated by injecting them into structures
with traveling electromagnetic waves

« The microwaves from klystrons are fed into the accelerator structure via
waveguides. This creates a pattern of electric and magnetic fields, which form
an electromagnetic wave traveling down the accelerator. The beam energy is a

function of the energy boost per klystron and the total number of klystrons.

June 2017

[toward
the right]

Electric
Field

[t ard
the left]

+

——p amount of energy boost

Fosition

- —
& Megative particles
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1< DC Electron Beam Gun Electrical Load Characteristics

« Electron gun exhibits non-linear V-1 characteristics

 Capacitive loading

 High voltage, low DC current

 High peak pulsed current

* Subject to arcing

« Limited fault energy capability - arc protection (crowbar) needed

+ +
EB EB
Gun Gun

High Voltage High Voltage
Power Power
Supply Supply
Filament Power ‘L Filament Power
Supply Supply

If work surface (anode) is difficult to If work surface (anode) is easy to
insulate - put at ground potential. Float insulate - float at HV. Put filament at
filament at HV. ground potential.
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< Pulsed Loads - Beam Separators and Deflectors

Characteristics

» Capacitive loading

 High voltage, low DC current

 High peak pulsed current

* Subject to arcing

* Limited energy capability - arc protection (crowbar) needed

L-Type 5108

S=Type 2642.5
Ferrite Microwove
Shield Bax
‘,mb.::h“ Damper) = bI(X!JlHOOlMOOlm
HV Bushing
9‘/
-
460012150120 mm > Chomber
gop B0mm 'SUS 304, Electro-polished
titenium ‘I 431 mm
............
= él g
| Jion pump il
1 | 2508 Sy
J i
: f *r‘"l
[ il .
» - <*:

Fig.2 Separator chamber.
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€ Pulsed Magnet Loads - Kickers, Pulsed Deflectors, Etc.

 Kicker magnets interact with positively or
negatively charged particle beams which, in
most cases, are grouped into bunches

* The purpose of an injection kicker is to fully %I

deflect (kick) bunches, without disturbance to
the preceding or following bunches, from a
beamline into a storage ring

o

* An ejection kicker will do the inverse, that is,
kick a particle beam from a storage ring into a
working beamline.
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€ Pulsed Magnet Loads — Kickers, Pulsed Deflectors

« Short time constants (7= L/R) << 1 mS
 Characteristic impedance is like a transmission line
 High voltage, low impedance

« Fast pulse, match or terminating resistors
» Subject to reflection and breakdown

Fig. 5. SLAC-designed kicker magnet.

CSITITTILTIIIIISIISS " HITS ) ’/

CEESTURNTES ISeneTeT. o 7
SA LS AL LSS Y o ALY /2
BN ;
SASIS IS SLLSTIS S ’///////I/////;lt

P R P T T P kbbb d bk o/
~ . = SIS SIS SIS ST A 2
197 //////'///////111’1 IIIIIII Y

Fig. 6. SLAC-style kicker magnet.
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Section 5
=  Power Line and Other Considerations

Fundamental Quantities

Single Phase Systems

Three Phase Systems

Transformer Primer

The Per Unit Calculation System

Harmonics, Complex Waveforms and Fourier Series

SCR Commutation as Distortion Cause

Electromagnetic Compatibility and Interference (EMC/EMI)

Power Factor
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< Fundamental Quantities - Characteristics of Sinusoidal Waves

e (Generation of sine waves

N == S
BN "EA<
 Plotting of sine waves « Expression of sine waves
volts V(t) :Vmax Sin( C()t)

w=2rf
] ] |
wt=90° wt=180° wt=270° wt5860° time

Here w is the rotating speed and t is the time

June 2017 Section 5 - Power Line and Other Considerations
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Fundamental Quantities - Average and RMS Values

 Average value:

1T
Vave =?jo v(t)dt

for AC sine system

T
v(t) =V, sin(wt), then V,, = ﬁfg V., sin(wt) dwt = 0.636V,,

« RMS value:

LT yty?
Vrms _\/?J'o v(t)“dt

for AC sine system

. 1T - 2 _Vm _ *
Vs _\/a)_T-[O (V,, sin(@ t))*deot _ﬁ_o.707 V,,

Section 5 - Power Line and Other Considerations
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< Single Phase Systems

— = |
A¢ > ¢

V|_|_: V¢ LOad
Y <
L=N

For 1¢ AC input
Vy =V

=1 where V, and | ; are RMS values
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< Single Phase Systems

L= ¢ L =l

|| V|_|_= V¢ LOad
<

L= N

The Apparent, Real and Reactive "powers™ are:

Real (active) P, =V I cos («) Watt,

a = phase angle between line current
and line-line voltage with current as the reference.

All "powers" are average "powers"

1%, 1%, 1% .
S1y= ?IVLL(t)dt* ?IlL(t)dt = ?ijL(t)uL(t)dt
0 0 0
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< Single Phase Systems

Instantaneous power p(t) is the product of the instantaneous voltage v(t) and the instantaneous
current i(t)

Derivation
p(t)=v(t)i(t)

let  v(t)=+2Vsin(ot+¢)
i(t)=+/21sin(wt)

and  p(t)=~2Vsin(ot+ @2 1sin(wt)=2V Isin(wt +¢)sin(awt)
Identity

sin(a)sin(b):%(cos(a—b)—cos(a+b))

Substituting
p(t)=V I[cos(wt —wt +¢)—cos(wt + wt + ¢ )]
p(t)=V I[cos(¢)—cos(2mt + ¢ )]
p(t)=V Icos(¢)-V I cos(2mt +¢)
It is seenthat
p(t)= DC component + AC component withtwice the frequency of the voltage or current
The DC component isa maximum when the voltage and current are in phase
The power isthe product of the RMS values of the line —line voltage and line current
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14 15

~T-10
0

Single Phase Systems

0.005 001 0015 002
t 0025

* \oltage and current are in phase at 60 Hz

« Power = DC + 120Hz terms, both equal in amplitude

Section 5 - Power Line and Other Considerations
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Single Phase Systems

15 I I I I

105,

10

~1-10
0 0005 001 0015 002

0 0.025
« Voltage Ieads current by 60° at 60 Hz'
« Power = DC + 120Hz terms, but now unequal in amplitude
» Power is + (delivered to load) and — (returned to the AC line) and 120 Hz

 + and — power are equal when current — voltage are 90° out of phase

Section 5 - Power Line and Other Considerations
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Three Phase Systems - Wye

> N

IL=lo=1Ia

V. =173 V@I ViL=173Vye s

l
VL =173 V¢I l

June 2017

Vi, =V3V and I =1,

83¢:ﬁVLL I

Vac
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Three Phase Systems - Delta

- A IL=1.73 1,
VA |q; > T T DA
ViL=Ve ViL=Ve
¥
> DB
)
ViL=Ve
> L @C 4 V¢
Vea
83¢ — 3 V¢ |¢ 30° D—
V
Va
Szp = NEAV N Ve.c Vag
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< Three Phase Systems — Wye or Delta

é A I

AorY | B [Veo i |V | Aory

Source? |oad?
$C Ve
A 4 > A 4
For Wye For Delta
Sap =3 VL I Sap =3 ViL It

i0 120 1240
Vag AVa_gle?” Ve cdVe cle ™ Ve _adVe_nle™
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Three Phase Systems

This will show that three phase power is constant
s(t) =vap(t)ig(t)+Vpc(1)ip(t)+Vea(t)ic(t)

s(t) = 'ijb lsin(a)t)l\l/%lsin(a)t —$)

+|V\7§C lsinwt —120° )%sin(wt—lZOo —$)

+|Vj§ lsin(a)t —240° )%sin(a}t —240° — )
But lngb | :|\iszc | zl\i%i | _v and '\'/azl :'\'E' :'jé' — 1(if load is balanced )
Identity

sin(a)sin(,B)=%(cos(a—,8)—cos(a+,8))

Making the substitutions we have
s(t)=VI[cos(wt — wt + ¢ ) —cos(wt + vt — ¢ )]

+VI [cos( wt —120° — wt +120° + ¢ ) — cos(wt —120° + wt —120° — ¢)]

+VI [cos( wt — 2400 — wt + 2400 + ) — cos(wt — 240° + wt — 240° — ¢)]
s(t)=VI[cos(4)—cos(2mt — @)+ cos( ) —cos( 2wt — 240° — $) + cos( @) — cos( 2wt — 480° — ¢)]
Re cognizing that cos(—480O )= cos(—120O ) the following is obtained
s(t)=VI [cos(¢)—cos( 2wt — ¢ )+ cos(¢ ) —cos( 2wt —240° — ¢ )+ cos(¢ ) — cos( 2wt —120° — )]
s(t)=VI[3cos(g)—(cos( 2wt — ¢ )+ cos( 2wt —120° — ¢) + cos( 2wt — 240° — ¢))]

Acknowledging that cos(2mt — ¢ )+ cos( 2wt —120° — ¢ ) + cos( 2wt — 240° — ¢) = 0 yields
s(t)=3VIcos(¢p)

A constant power, with a maximum when ¢:OO and where V and | are RMS values
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Three Phase Systems

25

210
Vo(t)
'V'Q:(t) 10
i1
(1)

i 5(t)

p(t)

0005 001 0015 002
t 0025

* P (1) = Va (O)Fi4 (1) + vg (O)*ig (1) + Ve (DI (D)
» 3 times the single phase power with only 3 conductors, not 6

* For balanced load, p (t) is constant
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4 Transformer Primer - Why Needed
 Needed to transform the load voltage to the line voltage

 Needed to isolate the load from the line for better ground fault immunity and to
reduce the magnitude of fault currents
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4 Transformer Primer
 Transformers are inductors with linked flux ¢:

\olts = # of turns * time rate of change of flux in the coil V=N*de/dt or
Volts = (inductance) * (rate of change of current) V=L,*di/dt
Flux Jl |
< I} l't 12
C I will
= dan 5
("Q V V1C>-<; A5 V2
C"Q < %«::3
(::<> ) c>><f> <><::

: 5 &

* Iron core transformers are used at frequencies below 1 kHz

« L. results from the number of turns, the area of turn path, length of flux path and
u of the iron. It is normally referred to as the magnetizing inductance

. Magne_tizin% inductance for a low frequency transformer is large, typically
requiring about 1% of the rated primary current to produce the desired excitation
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4 Transformer Primer
Equivalent Transformer Circuit

 The current required to magnetize the core with flux is called the magnetizing
current and is made up of two parts:

1. A component out of phase with the induced voltage due to the magnetizing
Inductance.

2. A component in phase with the induced voltage from losses due to eddy
current and hysteresis losses.

» The magnetizing inductance is obtained by driving the transformer with the
secondary open circuited 1,=0 and measuring the Primary voltage and current.

L=V, 11 )I2* x> 1) N1 N2
+ ‘ -
Vi v
Iml 5 g><;3
D (ij::D
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< Transformer Primer — Turns / Voltage / Current Ratios

I I1- I )
> > >

Im

Vi N N Load

Secondary winding turns cut by the common flux produce a voltage with the same volts per turn

as the driving primary turns

Vi _dg_Vp o Vi N

Ny dt  N» Vo N

Where N 1 and N » are the number of turns cut by the same flux

With a source and a load, the primary current equals the source current minus the
magnetizing current. Ampere-turns in the primary and secondary must equate

N !
N1(11=1m)= 12N> or 1__ 2
N2 hhi—Inm
i1 N
If 1y, << 7 then S A
12 Np
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Transformer Primer - Impedance Ratios and Reflected Impedances

° 12
E >
Rreflected = R1 “':.':’ V1 g V2 Ricas=R2

"’

-
Se

]

'

N1 turns N2 turns

Ny
V2
Vi_Np = NV, Ny

R, = _
1 N2|2 No  Naly
Ny
2 2
Rl_Nl *VZ _Nl*R
N5 1o N3
B (Mo
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< Transformer Primer - Impedance Ratios and Reflected Impedances

Example
R, =4Q, what is the value of the reflected resistance
as seen on the primary side?

o |

([ ]
RL=?0Q .» V1 g V2 > R2=40

e
Se
~

N1=27 turns N2=9 turns

Rl Nl*R2_27 * 40
N2 92

R, =9*4Q =360
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Transformer Primer - Leakage Inductance - Equivalent Circuit

 Flux that does not couple both windings is called the leakage flux and acts
like a series inductor called the leakage inductance

« If the secondary is shorted and the magnetizing current is small (1..<<lI,),
then the leakage inductance is proportional to the primary voltage divided

by the primary current (or secondary current referred to the primary side)
L1 I—2

N D

LL:L1+ N1/N2)2* L2

Lm N1§§N2

* [fthe secondary is shorted the “percent impedance” is the drive voltage
divided by the rated input voltage with rated load current flowing

\%!
Vrated

with I rateg X 100% =% impedance

June 2017 Section 5 - Power Line and Other Considerations
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Transformer Primer - Model

Li

transformer model

An air gap is undesirable in a transformer because:

e It reduces L, , and a large L, is desired to reduce the magnetizing
and inrush current

* Itincreases L, and a small L, is desired to lower energy and other
losses

Section 5 - Power Line and Other Considerations
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1< Transformer Primer - Homework Problem # 1
Calculate the output voltage in the circuit shown below.

R1=40 Q2 R2=4.0 R3=4.0

Vin=25cos mt V1 V2 V3 Vload

1:2 3:1
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< Transformer Primer - Configuration

« Low frequency, 60 Hz, transformers almost always use laminated iron cores to
reduce Eddy Current and hysteresis losses

« For low power applications < 2.5 kW single phase transformers are used to
eliminate the need for costly 3 phase input power lines.

« 3 phase lines and transformers are used to reduce the cost of higher power
systems (usually >2.5 kW)

« 3 phase lines allow the use of phase shifting transformers to generate any
number of output phases
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Transformer Primer - Three Phase Most Common Types

Single core and 3 core three phase transformers
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Wye-Wye Transformer
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4 Transformer Primer - Three Phase Most Common Types
Three phase Transformers
* A three phase transformer can be constructed with 1 core or 2 or 3
Independent cores
* Independent core transformers are more expensive ( use more steel) and can
result in line imbalances

HL Hl
HL X1 H X2 H3 X3 H X1 H X2 H3 X3
d ? [ e d ? — | S m— ) SR . id
TR T i =1 [ I =
=2 C s =2 < =2 <y T xdill DXl
1D I 1D 1D I o< <D < D <L D
< T D < ><T D > ><D ) ( ] ) ( ) (
pxd Hxdi xd o e < e S
il O C jing i O C jing i PEC jing 2 D > D H3 He
Co? S Cod S Cod S e H C><:> <><::3 C><> <><:3 C><\) <><‘3
(@ ;Exo C:><\; %(::3 C:><§ %(::3 X1 C><:> <><:D C><> <><:D C><\) <><::D X1
T =t T+ o+ < >0 L =D | =D
‘ | ‘ | | - »_,/) C‘»_ + - ,,/> < ,,,,,,, ) <—~_
‘ I | | | + | |+
L L [ I xz
Wye-Wye Transformer Delta -Wye Transformer
X3 x2 “a
H1 X1 H2 X2 H3 X3
L e T .
+ L |+ ] ]+ -
C><§ g><:::) C><§ E><:::> C><§ Ex:::)
C><> <><:::> C><) <><:::> C><> <><:::>
C>< ><D C=><< <D =< <D
= <></3 o <»<-'3 = <><f3
1D D Xl H2
C><> <><:Q c><:) C -~ _ C><> <><:Q H3
= = = A
] i |
[ |
Delta - Delta Transformer
X3 X2
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4 Transformer Primer - Three Phase Phase Shifting Transformer
Extended Delta Phase shifting transformer
EXTENDED DELTA 13.8kV 0480V 7.5 °
H2 X2
/;J 40\/’\% //.
HL O x1 H X2 H X3 S A &
= ———1
== =es == % / S
TR [DRE RS Sy o NN
| DD | o A X1 S
D (\‘ D ~ D Hl o *ﬁ\a\l / H3 \
( | | ‘- X3
PRIMARY VOLTAGE SECONDARY VOLTAGE
Extended Delta-Wye Transfonmer 3 core RELATIONSHIP RELATIONSHIP
PHASERHATIONSHIP
H2 Y2 X2
TRANSFORME, 30°
15°
LINEVOLTAGE X0
TRANSFORME e
X1
0
H1 H3
1 X3
PRIMARY PHASE
SECONDARY PHASE
RELATIONSHIP RELATIONSHIP
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Transformer Primer - Three Phase Phase Shifting Transformer
Phase shifting transformer for 12 Pulse operation

Delta Extended-Delta Wye-Zig-Za
Wye-Delta Wye yWyeg !

A

}
-\

Primaries

—
. Sec.ondaries
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1< Transformer Primer - Standards

Standards for Power Rectifier Transformers
1) Practice for Semiconductor Power Rectifiers ANSI C34.2-1973

2) IEEE standards for Transformer and Inductors for Electronic power
conversion Equipment ANSI/IEEE std 388-1992

Insulation Class Recommendations for Rectifier Transformers
1) Oil filled, 65 < rise over ambient ( paper oil insulation)

2) Dry type, Class B 80°C rise over ambient, (paper, varnish)
3) Dry type, Class H 150°C over ambient ( fiberglass, epoxy)
Phase Relationship and labeling

1) General requirements for distribution power and regulating
transformers ANSI C57.12.00-1973
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1< Transformer Primer - Problems

Low Frequency Transformers have been around a long time and designs are well
established. There are a few problems related to rectifier operation that should be
considered when using transformers;

1) Harmonic currents in the core and coils can result in excessive losses.

2) Presence of DC and/or second harmonic currents/ voltage can saturate the core
resulting in more harmonics and excessive core hysteresis loss.

3) Short circuits are common in rectifiers resulting in high forces on the coils and
the coil bracing resulting in coil faults.

4) Connection to the center of a wye can generate excessive third harmonic
current resulting in voltage distortion and overheating.

5) The fast switching voltages of rectifiers under commutation can produce non-
uniform voltage distribution on coil windings resulting in insulation failure.
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4 Three Phase Systems - Delta - Wye Configuration — The Preferred Choice

120 kV Substation )
) Delta - Wye Provides
W & « 3 phase output
MM \ﬁ_
) = * A closed path for harmonic currents
138V Bus * A neutral for connection to ground
Ly A for safety
MM :
) ﬁ A neutral for single phase loads
480 V Bus
BESE
Py P
480 V Loads = i : :
) 208V /120V Single or One-Line Diagram
Loads
) ) ) ) ) )

June 2017
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Three Phase Systems - Neutral Wire Size — Balanced, Linear Load
DA >

@B

eType equation here.

oC

>
Iy = |L|e 3% Iy =|Izle /150 [. = |I.|e 270
|L4| =|1g] = |I¢|
Iy = 1+ Ig+ I,
Iy =|14][(0.87 —j0.5) + (—0.87 —j0.5) + (0 +j1)] =0

There Is no neutral current flow if load is balanced and linear
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I4Three Phase Systems - Neutral Wire Size — Unbalanced and/or Non-linear Loads

M

DA >

A

@B >

N DN i‘{}(
N

=3

R
@C >
For balanced non-linear loads s ENg Ellc HIL |
2 2 2
[ I P g P+l P =31,
For unbalanced linear or non-linear loads 1A Zlg |l |

2 2 2
[ =l a P 4l P iG]
The neutral conductor can safely be sized for </3* MAX (1 ,,15,1c )
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Fundamental Quantities American Commercial and Residential AC Voltages
Class \oltage Type Derivatives
High 138 kV 3¢ None

\oltage 69 kV 3¢ None
13.8 kV 3¢ None
Medium 45 47 kv 34 None
\oltage
4.16 kV 3¢ None
480 V 3¢ 277V, 1¢
Low 240V 1¢ 120V, 1¢
\Voltage 208 V 3¢ 120V, 1¢
120 V 1¢ None

June 2017

Vi ( RMS):\/%]VLLZ(t)dt
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< The Per Unit Calculation System

Why Mentioned Here
» Because the power supplies will interface to the AC line

 Because all AC power equipment (generators, motors, transformers and
chokes) impedances are expressed in %

 Because line limitations (short-circuit currents, arc flash, V droop, transients,
harmonics) must be considered. These effects are usually calculated in the per
unit system

Why Used
 To make quantities and values convenient and manageable
« To put quantities on a single per phase or 3-phase basis

* To avoid having to remember to correct for transformer turns ratios, reflected
voltages, current and impedances

« No worries about delta or wye configurations
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The Per Unit Calculation System

|4
Establish Configuration, then Power, Voltage, Current and Impedance Bases
Base Per ¢ Phase 3 Phase Notes
= Base kVA
$.P.0 _ Base VA One power base must be
= 3* per ¢ Base kVA used throughout
Vv = Base kV (L-N) = Base kV (L-L) V Base location dependent
I = Base kVA / Base kV = Base kVA / v/3Base kV | | Base location dependent
Z Base location dependent
Z = (Base kV) 2/ Base kVA | = (Base kV) 2/ Base kVA | Z Base phase independent
perg Z Base = 3¢ Z Base

June 2017
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The Per Unit Calculation System

€
120 kV Substation
Ay
L A
MM \14_|_
B P inas
13.8 KV Bus
W A
MM \14_|_
C ) -
480 V Bus
s ]
) ) ) )
480{/Lolads rWY]ﬁ -
) 208V /120V
D Loads
|)|)| )|)|)|)

June 2017

Example - various locations on
one-line diagram
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< The Per Unit Calculation System

* p.u. = actual value / Base value

Base KV giyen ] ? . ( Base KVA j

e D.U. — U. 4i
P-U- new= PU- given ( Base kV,q,, Base KVA given

* % =p.u. *100 %

* Choose the system and base that yield the most convenient numbers
and calculations!
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4  The Per Unit Calculation System - 1¢ Example to Calculate Line Currents

T1 T2

WA e B {e

Sl Sl

15,000 kVA 10,000 kVA
13.8 - 138 kV 138 - 69 kV
X =10% X=5%

Establish Bases

In Section A Section B
Base S = 10,000 kVA S =10,000 kVA
Base V = 13.8 kV V =138kV
Base | = o =100 A _725 D =125 A
pase 7 = ~(I138KV)® o0, (138KV)® L0000
S 10,000kVA 10,000 kVA

June 2017 Section 5 - Power Line and Other Considerations

R =300 2

Section C
S=10,000kVA
V =69kV

_ 10,000kVA

=145A
69 kV

2
L _ (69KkV)

= =476 Q
10,000 kVA
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< The Per Unit Calculation System — 1 ¢ Example (Continued)

Obtain pu values

13.8 kV 138 kV 69 kV
' @ t 11— T2 R |
| |
A B C i

., 10,000kVA : 30002 .

! 0.1* j0.05 =22 =063+ jO pu;
1515 oookvA 4760 O3t 10 U
L _Td008Tpu . |

Combine impedances — Solve for |

- +

1 > .
| P ZT g |
: 1 | :
t I=m= 1.56 pu Zr =0.63+j0.117 pu  [I=156pu 1
: | Z+ |=0.64 pu :
| |
| |
| [1o]=1.56 pu*725A |15 |=1.56 pu*72.5A |l |=1.56 pu*145A!
1 =1,131A =113A =226 A :
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< The Per Unit Calculation System

A transformer impedance of 5% means:
 The short circuit current is 20X rated full load input / output
* The voltage drop across the transformer at full load is 5% of rated

Vel 1S1py T
Ll Z,=X,=0.05pu Ll Z,=X;=0.05pu V =1*X=0.05pu
| =V /X.=20pu | =1 pu l
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< The Per Unit Calculation System - Homework Problem #2

Referring to the one-line diagram below, determine the line currents in the:

A. Generator B. Transmission Line C. M1 D. M2

JAN h h A 125k 1

?‘S_ Cable =180 0 B 020
Sl 3

C

= 13.8 kV 13.8kV A 115kV Y
30,000 kVA 115kV Y 13.8kV A
X'=0.15 35,000 KVA 35.000 kVA —@ Y
X=0.10 X=0.10 12,5 kV
10,000 kVA
X'=0.20
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€ Per Unit System - Homework Problem #3

A 1000kVA, 12.47kV to 480V, 60Hz three-phase transformer has an
Impedance of 5%. Calculate:

a. The actual impedance and leakage inductance referred to the primary
winding

b. The actual impedance and leakage inductance referred to the secondary
winding

c. The magnetizing inductance referred to the primary winding
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< Harmonics, Complex Waveforms and Fourier Series

» Non-sinusoidal waves are complex and are composed of sine and cosine
harmonics

* The harmonics are integral multiples of the fundamental frequency (1%
harmonic) of the wave. The second harmonic is twice the fundamental
frequency, the third harmonic is 3 X the fundamental frequency, etc.

2778 [ v (t1)=2cosmt | | |
V,(t)=sin3wt
2 Va(t)=vy(t)+v,(t
v (1)
V(1) 0
v 3(t)
-2
2778 4 | | | |

0 0.005 001 0.015 0.02 0.025
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< Harmonics, Complex Waveforms and Fourier Series

4
2778, v,(t)=2cosm¢t | | |
V,o(t)=sin3mt
2 Vo(t)=vi(t)+v,(t
v 4 (1)
Vv 5(t) 0
v 3(t)
-2
-2778, _, | | | |

0 0.005 001 0.015 002 002

Trigonometric forms of the Fourier Series
1} 2 1 2 1
aoz?b[f(t)dt ak:?_c[f(t)coska)tdt bk:?z‘;f(t)smka)tdt

f(t):a0+2akcoszikt+ bksinZth
=] T T
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I« Harmonics, Complex Waveforms and Fourier Series - Coefficient Facilitators

vi(t)=2coswr
Vo (t)=sin3wt
Va(t)=vi(t)+Vvy(

0015 002 0025

No symmetries

ay cosines, by sines,
for all k

May or may not have DC
component

Only &, cosines for

Has DC component if no

Even function symmetry f@®) =f(=0 all k (b= 0) half-wave symmetry
Odd function symmetry f@© =-f(=t) E?Ly bﬁ s(l)r)1es for all No DC component
v =

Half-wave symmetry

F@o =~ (=)

ay cosines, by sines,
for odd k

No DC component

Half-wave, even

0= (t-3)

Only ay cosines for

No DC component

function symmetry F(E) = f(~t) odd k (b= 0)

i T i
Half-wave, odd function | r() = —f (t - E) Only by sines for No DC component
symmetry f(t) = —f(-t) odd k (a, =0)

June 2017
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Fourier Series — Examples of Periodic Waveforms

"\

/

AvA

—~+

f(t)

June 2017

U

>

|

t

o f(t)= f (-t) even function
* fl1) # -1(t-T/2)

 No half-wave symmetry
* DC component, a,

* No sine terms, only

cosines, all ks
T

o akzéjf(t)cos K w,tdt
0

e No even or odd function
symmetry

 No half-wave symmetry

e Have sine and cosine
terms, all k

« DC component, a,
*a, a,, b, terms
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>
T T4/ 0T/a | 3THT
: | |
| | |
| | |
! it :
| | |
| | |
| | t
| | g
T 0 T

June 2017

Fourier Series - Examples of Periodic Waveforms

o f(t)=-f(-t) odd function
* No half-wave symmetry
* No DC component

* Just b, iines, all k

° bkzé.[f(t)sin K w,tdt
0

» No symmetries
*No DC component

 Have a, cosine and b, sine

terms, all k
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< Fourier Series - Examples of Periodic Waveforms

ANIIVANES!

f(t)

o W T\

N
VA

June 2017

o f(t)=f(-t) even function
 Half-wave symmetry
* No DC component

- Have a, for odd ks

o f(t)=-f(-t)
 Half wave symmetry
* No DC component

- Have b, for odd ks

* No even or odd symmetry
 Half wave symmetry

* No DC component

- Have a, , b, for odd ks
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Fourier Series - Distorted (Complex) Waveforms

Distorted Waveform

] i ]
W A = O == P J
i i i { 1

Fundamental - &0 Hz
15 -
1 |
. /_\
0
05 - v
A

A5

=

% fundarm ental

150
100
LY
I

Frequency Spectrum

3rd Harmonic =180 Hz

1.5

1 -

05 -

0 /\/

05 - /\./-\
A

A5

1 ] 5

harmonic

7

+

Bih Harmonic - 300 Hz

15 -
1 -
05 -
i e i
os
A4 4
as 4
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1< Fourier Series - Homework Problem #4

A waveform v(t) was analyzed and found to consist of 6 components as shown here.

10 T 2 I | I
8 AWAW
6
vo(t) A va(t) 0
g | -2 | | |
0 05 1 0 02 04 06 08
t t
IZEN WAWAWAW/
vt 0 Vy(t) 0o
| | |\/

-10 -4
0

N7 T
T

t

04 08
| |

l l
-3
0 02 04 06 08 01

0
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< Fourier Series - Homework Problem #4 (Continued)

a. Write the mathematical expression for each component in terms of o=(2*z)/T
b. Show the harmonic content graphically by plotting the frequency spectrum

c. Give the numerical result of

B SiN6 wt
12w

T
bgzé"‘v(t)sinfﬂwtdt HeIp:J'sinz(3a)t)dt:%
0

sin( 4wt )?
8w

;
b, :%jv(t)sim@t dt  Help: jcos(4a)t)sin(4wt)dt -
0
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1< Fourier Series - Homework Problem #5

Each waveform below can be written as a Fourier series. The
result depends upon the choice of origin. For each of the 6
cases, state the type of symmetry present, non-zero coefficients
and the expected harmonics. o

Ay !

Y g

T
0.8T
0.5T
-T/:4 (l) TI/4 TI/2
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Signal Total Harmonic Distortion (THD): The ratio of the square root of the
summed squares of the amplitudes of all harmonic frequencies above the

Fourier Series - Total Harmonic Distortion

fundamental frequency to the fundamental frequency

June 2017

N 1/2
2V

THD, = ':ZV *100 %
1

N
l;
>

|: :|1/2
THD | === *100 %

ly
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1< Fourier Series - Causes of Harmonic Distortion

 SCR or diode commutation

« Unbalanced 3-phase, non-linear loads
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1< SCR Commutation as Distortion Cause

I T

T2 &TC’)

!

T5 & T4

>

|4

Load

-)

State 1: A-B (+) SCRs1-50n
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1< SCR Commutation as Distortion Cause

_\K T6 _\Ktl'ré_;\l T4

>

(+)

Load

(-)

State 2 : A-C (+), 5 off, 40on, SCRs1-40On
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1< SCR Commutation as Distortion Cause

g
}
LA Tzk T3k

To A TSA 144

Load

T5

L
A p— Y Y Y
Id L,
B——a—~ Y Y Y
Ls
C— g Y Y M
Ls
B—— = Y Y YM
Line current is based on line
voltage Bto C L
C———— @YY M

Short
Circuit
Curren

T4
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< SCR Commutation Voltage Drop

Vd =Vdo —Vu
di
Vig=Le ot
Ls S dt
o+u lqg
Vy :—qj VLSd(a)t):ia)sz Tdi=d oLy =qfLgly
ol Jg 27 0 27
5 Commutation/
Vg :_q2 Vi cosa—q fLglg<  voltage drop
T

Vd = reduced output, V4o = Theoretical output,V; = commutation drop
V| s = Voltage drop due to line impedance, i = phase current

g= number of rectifier states, « = SCR gate trigger retard angle, = commutation overlap angle

o= operating frequency in radians, f=frequency in Hz, I § =Load current

Conclusions
*The current commutation takes a finite commutation interval u.
During the commutation interval, three SCRs conduct.

*Vu (and line voltage distortion) is directly proportional to the inductance of the
Input AC line or transformer and the DC current flowing in the load
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1< SCR Commutation as Distortion Cause

volt a phase b phase c phase
o qa U
E -

i’i

' i
% =
4
8 U
1 i | 1 | 1 A 1 1 1 1 1 deg
30 60 90 120 150 §80 210 240 270 300 330 360
T / t
5 /
_ r
S I75(t) I14(t)
2 |
=,
c I, commutates from T5 to T4
i H >

—+

lsc= -l7s(1) )&\' | u= Commutation overlap angle
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1< SCR Commutation Effects

volt

SCR / diode commutation line notches: g

« Are a source of line voltage distortion

* If deep enough, they cause extra zero
crossovers in the line voltage. In 3

phase systems, instead of 2 zero
crossovers per cycle, 6 zero crossovers
can be experienced

 The extra zero crossovers can upset
equipment timing. This can cause
SCRs to trigger at the wrong time,
damaging the power supply or cause
false turn-on and damage to other
equipment.

line notch

June 2017 Section 5 - Power Line and Other Considerations

|
I
|
|
I
T t T T ¥ T T | T T 1 deg
30 8$ 90 120 150 80 210 240 270 300 3RO 360
I
I
I
|

137



1< SCR Commutation Effects

Reducing SCR commutation effects

« Commutation notches (voltage drops) are directly proportional to
system Z and DC load current. To reduce commutation notch depth,

use a stiff (large, low Z) line.
; | ' Z,=5%

o~ VC2 = Id Zzzld 21/2
VC2 =1/2 VCl

June 2017 Section 5 - Power Line and Other Considerations
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1< SCR Commutation Effects

Reducing SCR commutation effects on other equipment

» Isolate other equipment by placing them on another line

Stiff (low Z) line Stiff (low 2) line
L L W
MM MM MM
Softer (high Z) line Softer (high Z) line
Power Other Power Other
Supply Equipment Supply Equipment
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4 SCR Commutation Effects - International Harmonic Distortion Standards

Australia AS/NZS 61000.3.6, replaces AS 2279 - “Disturbances
in Mains Supply Networks” and is compatible with
IEEE 519 recommendations

Britain G5/4 — 1 “Standard for Harmonic Control in Power
Systems” which is compatible with IEEE 519 — 1992

Europe International Electrotechnical Commission

IEC 555 Series for harmonic current distortion limits for
small devices (extended by IEC 1000 standards)

Larger devices IEC61000-3-2, EN61000-3-2

United States IEEE 519 — 1992 “Standard Practices and Requirements for
Harmonic Control in Electrical Power Systems ™ .
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< SCR Commutation Effects - IEEE 519- 1992 Voltage Distortion Limits

Table 10.2 Low Voltage System Classification And Distortion Limits

Special General Dedicated
Applications * Systems Systems 2
THD (Voltage) 3% 5% 10%
Notch Depth 10% 20% 50%
Notch Area® | 16,400V - xS | 22,800V - xS | 36,500V - xS

1. Airports and hospitals
2. Exclusive use converters
3. Multiply by V /480 for other than 480 V systems

Example : 480V *+/2 =678.8V  20% notch depth = 135.8V

*
22,800V* 1S _ 1685 168 1S
135.8V 16.6mS

~ 1% of 60Hz period
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4 SCR Commutation Effects - IEEE 519- 1992 Load Current Distortion Limits

General Distribution Systems — 120 V Through 69 kV

yan Maximum THD
<20 5
20 <50 8
50 < 100 12
100 < 1,000 15
> 1,000 20

2. 1,.= maximum load current at PCC

1. lgc = maximum short-circuit current at Point of Common Coupling (PCC)

3. lgc /1. = system short-circuit current capability to load current ratio

June 2017 Section 5 - Power Line and Other Considerations
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< SCR Commutation Effects - Point of Common Coupling IHlustrated

Main AC Bus

Point of Common I :|— Voltage and current

Coupling (PCC) \,ILT/THD must be met here
I ~ |

N
LM

= e E (s
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I<« Electromagnetic Compatibility and Interference - Glossary of EMC/EMI Terms

Electromagnetic Interference (EMI) is any electromagnetic disturbance that
Interrupts, obstructs, or otherwise degrades or limits the effective
performance of electronics/electrical devices, equipment or systems.
Sometimes also referred to as radio frequency interference (RFI)

Electromagnetic Compatibility (EMC) describes how an electronic device
will behave in a "real world" setting of EMI

Broadband Interference This type of interference usually exhibits energy
over a wide frequency range and is generally a result of sudden changes in
voltage or current. It is normally measured in decibels above one micro-volt
(or micro-ampere) per megahertzdB 4V /MHz or dB A/ MHz

Narrowband Interference has its spectral energy confined to a specific
frequency or frequencies. This type of interference is usually produced by a
circuit which contains energy only at the frequency of oscillation and
harmonics of that frequency. It is normally measured in "decibels above one
micro-volt (or micro-ampere)"”, e.g., dB uV or dB uA.
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4 Electromagnetic Compatibility and Interference - Glossary of Terms

Five Types of EMI

 Conducted Emissions (CE) - the EMI emitted into lines and connections
by an electronic device. Of particular interest is the EMI conducted onto
the AC input power lines

e Conducted Susceptibility (CS) - the EMI present on lines and
connections (e.g. power lines) and its effect on a connected electronic
device.

- Radiated Emissions (RE) - the EMI radiated by an electronic device
 Radiated Susceptibility (RS) - radiated EMI effect on an electronic device

» Electromagnetic Pulse (EMP) — radiated EMI by lightning or atomic blast

Culprits and Victims
* Culprits are devices, equipment or systems that emit EMI

« Victims are devices, equipment or systems that are susceptible to EMI
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4« Electromagnetic Compatibility and Interference - EMI / EMC Standards

USA

« MIL-STD-461E Emissions & Susceptibility Standard for Defense Electronics
This standard sets the Emissions & Susceptibility (Immunity) noise limits and
test levels for electrical / electronic and electromechanical equipment

« MIL-STD-462E is the companion standard that describes the methods and test
procedures for certification under MIL-STD-461.

* The object of the standards is to maximize safety and reliability and to
minimize downtime and breakdowns of equipment essential for defense.

 The worldwide defense electronics and aerospace community recognizes and
generally accepts MIL-STD-461.
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4« Electromagnetic Compatibility and Interference - EMI / EMC Standards

USA

Federal Communications Commission (FCC) under the Code of Federal
Regulations CFR, Part 15, Sub-Part J, for Class A and B devices and
equipment.

Germany
Verband Deutscher Elektrotechniker (VDE) has developed VDE 0871 for

Level A and Level B.

European Community
EMC Directives of 1996

The FCC and VDE specifications are similar in that Class A and Level A

describe industrial equipment, while Class B and Level B are applicable to
consumer equipment.
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4 Electromagnetic Compatibility and Interference - Conducted Emissions

Conducted emissions

« EMI conducted onto AC Lines by the power supply.

* Typically 10 kHz to 30 MHz

* Measured in zVordB - 14V (Reference:1 4V =0 dB)

measured uV

dB =20*log,
1uV

Example: Measured noise = 100V

104V _ 4008

dB =20*log,,
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4 Electromagnetic Compatibility and Interference — Conducted Limits

100
‘\\ )
N X dB=20log,, &L
. 910 7
80 SN Ll
\\\\
\\ IL-STD-461E
60 N M
> |
2 + s
_ng FCC Class B - Residential
40 :
20 455
kHz
0
0.01 0.1 1 0.1 30

Frequency in MHz

June 2017 Section 5 - Power Line and Other Considerations 149



4 Electromagnetic Compatibility and Interference - Conducted Emissions

Test equipment used — Spectrum analyzers with Line Impedance
Stabilization Networks (LISNs) that

 Filter and divert external AC line intrinsic noise from the EMI
measurements

« Isolate and decouple the AC line high voltage and prevent line transients

from damaging spectrum analyzers and other sensitive test equipment

* Present a known, fixed impedance at RF frequencies to the power supply

undergoing test

N

AC
Input
Line

/

N

~

AY|

o g

i\
/"r\
Line Impedance

Spectrum
Stabilization 50 02

Analyzer

Network (LISN)
L
T
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14 Electromagnetic Compatibility and Interference Conducted Emissions — LISNs

LISN considerations:

* Desired impedance (typically 50 £2)

« Bandwidth (typically victims are susceptible to 10 kHz to 30 MHz)
* Line type (DC, Single phase, 3 ¢ delta, 3 phase wye)

» Line voltage (120 V, 208 V, 480 V, etc)

 Power supply input current when under load

Spectrum Analyzers
Anritsu, Keysight, Rigol, e AR TS WOODoOD
Rohde and Schwarz

J¢ BBBRRERC
[
[
l
L
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4 Electromagnetic Compatibility and Interference - Differential Mode Noise

'y
i
IV DIFE pl LOAD

///////////////7/%

> t

e Produced as a natural result of
complex, high frequency switching
Vand |

eV, =-V,

» Magnitudes are equal

« Phase difference is 180°
* V| oaqg = V1 — V, = KVL unwanted signal

Loa

* ID = |V1| + |V2| / RLoad

June 2017 Section 5 - Power Line and Other Considerations 152



June 2017

EMC/EMI - Differential Mode Electromagnetic Compatibility

IpiFr

> 0000000000000

Tower

« Current flow in opposite directions so that the magnetic field is
contained within the spirals

* The tighter the cable twist the greater the containment and noise
attenuation

» Shielding the pair (and tying the shield to ground in one or more
places) will also increase noise attenuation

Section 5 - Power Line and Other Considerations

153



1< EMC/EMI - Common Mode Noise

* Produced as a result of circuit
X -
iImbalances, currents produced
V3=0 LOAD

by simultaneous high frequency

v.=V ,
Lk voltages on (+) and (-) lines
Ivaco.. c. I capacitively coupled to ground
Al AL AL AL ///% .V_VZ_VCO
1™ _ M
GND

» Magnitudes are equal

4 * Phase difference is 0°

* ILoad = (Vl o V2 ) / RLoad

*Veuu =V +V,=0
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EMC/EMI - Common Mode Compatibility

Tcom

0000000000090 [

‘com Cp l'con
| PPPPPZCT
GND

« Common mode current generated by common mode voltages
Impressed across parasitic capacitances to ground

 Current flows are the same magnitude and in the same direction
so that the spirals have no effect on containing the magnetic

fields

» The pair must be shielded and the shield tied to ground in one or

more places for noise attenuation

Section 5 - Power Line and Other Considerations
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< EMC/EMI - Input Conducted Line Noise Filters

Delta input
L % Ut
E . I A
G -»
ENDL L T
Wye input
Ao { Uy £O - Configurations C, L, Pi, T
II- 80 .I. UJuUJ ¢+ ¢$0 ][i . Attenuation 20 to 70dB
N ru T |l 5T, A i ifferenti
E © n * Filters both differential
—T— L‘M ;IO and common mode noise
) } I ‘ I 5 ¢
T
SO0 ) T —0

http://www.fiIteerconcepts.com/th ree_phase/3v_series.html
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EMC/EMI - Input / Output Line Noise Filters

L . .
F ‘ | I Ccf
Converter load

- L and C are not good noise (f > f,,) filters

» L looks capacitive at f > f_, , C looks inductive at f > f_,

* L4 Is a differential / common mode noise filter inductor and
might be a real inductance or the intrinsic inductance of the bus

* C4; Is a differential mode noise filter capacitor

» C,; are common mode noise filter capacitors
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4 EMC/EMI - Output Line Feed-through Noise Filters

JS£ala | o R )

e 70 | ol ke 125

« C filters are the most common EMI filter, consisting of a 3 terminal feed-
thru capacitor, used to attenuate high frequency signals

In from Out to In from Out to
converter | load converter | load
N ™

3 3

« L filters consist of one inductive element and one capacitor. One
disadvantage is that the inductor element in smaller filters consists of a
ferrite bead that will saturate and lose effectiveness at larger load currents

June 2017 Section 5 - Power Line and Other Considerations
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4 EMC/EMI - Output Line Feed-through Noise Filters

T filters consist of two inductive elements and one capacitor. This filter
presents a high impedance to both the source and load of the circuit

@O——PrYYYYy Y Y Y Yr—>p o

In from Out to

converter load
TN

2

* Pi filters consist of two capacitors and one inductor. They present a low
iImpedance to both source and load. The additional capacitor element,
provides better high frequency attenuation than the C or L filters

® P—vY YY"V »—=_
In from _1_ 1 Outto
converter 7T T load

/% /77
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1< EMC/EMI - Other Conducted Noise Filters

. Electrostatic (Faraday)
Plain Transformer Shielded Transformer

e HE-k

Converter Output
In
E loier Common Mode Choke lcom
T A T A
(Y YY) Y YY)
<4 Ipirr > lcom
Differential mode currents flow in opposite Common mode currents flow in same
directions. Magnetic fields cancel, choke direction. Magnetic fields add, choke
presents low impedance, low attenuation to presents high impedance, high attenuation to
noise noise
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< EMC/EMI - Reducing Conducted Noise on Other Systems / Equipment
Main AC Bus

- Separate noisy power supplies from sensitive | & C loads by Faraday-
shielded transformers to attenuate common mode noise
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| _ ~ EMC/EMI - Radiated Emissions
Radiated emissions

« EMI radiated from cables, transformers, other components.

* Typically 30 MHz to > 1GHz. 30 MHz start because cables and other
equipment are effective radiators of frequencies above 30 MHz

* Measured in uV/mordB-uV /m(Reference: 1 uV/m=0 dB)

» Measured 3 m (residential) or 30 m (industrial) from the emitting
equipment. TVs located within 3 m of computers in the home and within
30 m in the industrial setting. Limits 100 to 200 #V / mare 1/10 of TV
reception signal

* Industrial FCC Class A limits of 200 2V / m are higher (less severe)
than residential Class B because it is assumed that there will be an
intervening wall between culprit and victim that will provide some
shielding

Test equipment used

 Spectrum Analyzers, rotating tables, conical and/or log periodic
antennas and anechoic chambers designed to minimize reflections and
absorb external EMI
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1< EMC/EMI - Radiated Emissions

Any component or cable > 1/2 wavelength (1) will be an efficient radiating
or receiving antenna

Cable Lengths Vs Wavelength
Frequency A 12 A 1/4 A

10 kHz 30 km 15000 m 7500 m
100 kHz 3 km 1500 m 750 m

1 MHz 300 m 150 m /5m

10 MHz 30m 15 m =50 ft 7.5m=25ft
30 MHz 10 m 500 cm = 16 ft 25m=28ft
100 MHz 3m 150 cm =5 ft 75¢cm =25 ft

1 GHz 30 cm 15cm=61In 7.5cm=31In
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EMC/EMI - Basis For Industrial — Residential Emission Limits

|

)

<<
===
Typical field strength 4_1 3 tc2) 30 n\1//
1000 to 2000 pV / m 00 to 200 vV / m

Section 5 - Power Line and Other Considerations
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4 EMC/EMI - Radiated Emissions Test Setup

Anechoic Chamber/

Biconical < 200MHz Table or turntable to rotate equipment
Log Periodic > 200 MHz

Ground plane > 3 m beyond

Spectrum equipment and antenna

Analyzer
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EMC/EMI - Bi-Conical Antenna
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< EMC/EMI - Log-Periodic Antenna

June 2017 Section 5 - Power Line and Other Considerations 167



June 2017

EMC/EMI - Radiated Noise Reduction — Small Loops
«B=T= 10,000 gauss

° A:m2
Faraday's Induced Voltage Law o(T/S)*m2 =V
Vv =[J]Eod| :—%z—d—B A Hint: Homework problem
dt dt

V o« (jj—? the magnitude and rate of change of flux density with time

V o« A the area of the loop cut by flux
Moral - minimize loop areas by:

running supply and return bus or cable conductors together
twisting cables whenever possible

Section 5 - Power Line and Other Considerations
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EMC/EMI - Radiated Noise Reduction By PCB Small Loops

Radiated Noise Reduction By PCB Ground Planes

/ Sensitive, low-level electronics

/ \\\\
Ground Plane J /

Power Plane

Section 5 - Power Line and Other Considerations
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1< EMC/EMI - Radiated Noise Reduction

Use shielded cables

Use shielded enclosures (if necessary for interior controls)

22 En::l Gn::|m::|nlze+:| Steel/24 Oz, Copper Enclosure
. ELEI:'I'EE'I'I: FlE-ll:' P‘LI!I.HE WAVE

2]

g

T&s.f repﬂrt 738

SHIELDING EFFECTIVEMESS IM d
4 5 B B

100 He 1 KHe 10EH: 10OEH: 1MHz 10 MH: mfml—:. I.GI-I:: 10 Gals

http://www.lindgrenrf.com/ FREQUENCY
note — link no longer valid 1

5=
Jrtuo
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1< EMC/EMI - Radiated Noise Reduction — Other Considerations

Shielding
*Use ground planes extensively to minimize E and H fields

« If ribbon cable is used, employ and spread ground conductors throughout
to minimize loop areas

» Avoid air gaps in transformer/inductor cores.
 Use toroid windings for air core inductors

« If shielding is impractical, then filter
Filtering

« Use common mode chokes whenever practical

« Use EMI ferrites, not low-loss ferrites — useful frequency range
50 to 500 MHz. Be careful of DC or low-frequency current saturation

 Use capacitors and feed-through capacitors, separately or in conjunction
with chokes/ferrites. Be mindful of capacitor ESR and inductance
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1< Homework Problem # 6

A uniform magnetic field B is normal to the plane of a circular ring 10 cm in
diameter made of #10 AWG copper wire having a diameter of 0.10 inches. At
what rate must B change with time if an induced current of 10 A is to appear in
the ring? The resistivity of copper is about 1.67 x 2 *cm.

Hint: R = 2%
A
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< Power Factor - Calculation and Importance

Single Phase System

A -
S35 HVy 11 Teos(ay 1)+ Jsin(ay = A01 y 5y,
Py =Vg 14| cos(er, = fy )

1 S N )(av - i)
Quy =|V¢|| |¢|3in(05v -B) K >

\f
F=M:cos(av—ﬂ|) 1¢
1514

0 <PF <1, leading or lagging, current is reference

PF is not efficiency Eff = R
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4 Power Factor - Calculation and Importance
Balanced three Phase

S3¢:3V¢I¢:\EVLL IL

P3¢ :3V¢ |¢C05(a|¢—ﬂv¢)

P
PF3, ZS—BZ =cos(a;, —fy,)

Unbalanced three phase power

Pag =Vgalyacos(e,, = By,a)+Vye lyalaig = Bys ) +Vyc lycla c = Byc)

P34
PF3¢ = S—w
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< Power Factor is Important - Capital Equipment Cost

l ‘ |1,000kVA l | |750kVA

I” 1000kVA )"""'i " T750kVA Y T
: switchgear : : switchgear :
' l : |
LA Y N .
E =
= S
500 kW 500 KW
PS, PS,
0.65 PF 0.9 PF
= P = SU0KW =769kVA S = P SU0KW = 555kVA
PF 0.65 PF .
| - 769kVA _ 995 A | iSSkVA 66T A
J3* 480V J3* 480V
lcg =925A*1.25=1,156 A, buy 1200A g =667 A*1.25=834A, buy 1000A
Buy 1000kVA switchgear/transformer Buy 750kVA switchgear/transformer
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< Power Factor is Important — Energy Cost

), - 480V
Y b =5 Mw
PF = 0.65

), - 480V
Y b =5 Mw
PF =0.9

) ) ) ) )

) ) ) ) )

PS PS ( M ) Other PS

PS PS ( M ) Other PS

S = P = SMW =7.7MVA
0.65

PF

$0.06

W —Hr
30days , 24hr _ 6480hr
month day  yr

$0.06 , 6480hr  $3.0M

Electric rate =

9 months*

7.7TMVA*
KW — Hr yr yr
$3M, 20yr =$60M
yr

S = P = SMW = 5.6 MVA
PF 0.9
Electric rate :w
W —Hr

30days , 24hr _ 6480hr
month  day yr

9 months*

5 6 MVA* $0.06 , 6480hr _ $2.2M
KW — Hr yr yr

$2.2M
yr

*20yr = $44M
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< Power Factor Improvement

Higher Power Factor Translates to:

 Lower apparent power consumption
 Lower equipment electrical losses

» Electrically/physically smaller equipment
* Less expensive equipment

 Lower electric bill

 Implies lower distortion of the line voltage and current
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1< Active Power Factor Correction Problem

Line voltage
g ~_

Line current _|

Zx Zs El
_—ﬂ:|
Vi =) Swa
3K
s = n

Line current
harmonics =

—

10ma

1.0m&

(Hz 0fkKHz 04KHz 06KHz 08KHz 10KHz 1JKHz 14KHz 16KHz
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| € Active Power Factor Correction, AC — DC Converter with PF Control

Boost PF Eorrector

T T
S| TR o E 1 -
$i1 SRR

™

Y Y Y\

V,

apr 11 1o V. time

.
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< Active Power Factor Correction - 3 Phase Systems

Line * * % L V,4 Line Voltage
100 T
S
wai t)
lasin J —
lacomp T o
> vo(t)
Vb e oll B I 1 |
/‘\ o 0.00% n.o1 nols ooz
v Vc j
la I, Load Current
|

—

s
=

, , m
dald]
Capacitive B

—14 A w0
_|< Storage o ] DéDS D‘Dl Délﬁ D|D2
_— €— lacomp PF corrector
\ ar | | ' ‘ |
woowb (£) 0
Lload Rload /\//’\\/M
* Appropriate switches (s) are rapidly opened . 'ar lacomp and lsin (Line Current)

and closed to control charging and
discharging of the capacitor (|

10—

) valt) 0
acomp —

—_ —100—

*From KCL, | ,=I,+ | ' | '

aSin_ acomp 0 0.005 0.01 0.015 0.0z
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June 2017

Homework Problem # 7

A 10kW, 3 phase power supply has an efficiency of 90% and operates with a
leading power factor of 0.8. Determine the size of the inductor needed to

improve the power factor to 1.0. Hint: the ripple frequency of the rectifier
output is 360Hz.

I—needed

Po=10kW

Vo=100V
C T\ Rioagd =1 0hm
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Section 6 — DC Power Supplies

Power Supply Definition, Purpose, and Scope

Rectifiers

AC Controllers

Voltage and Current Sources
Linear Systems Disadvantage

Switchmode DC Power Supplies

- Advantages

—  Switch Candidates

—  Converter Topologies

—  Pulse Width Modulation

—  Conducting and Switching Losses
—  Resonant Switching

High Frequency Transformers and Inductors
Ripple Filters

Other Design Considerations

Power Supplies in Particle Accelerators

Section 6 - DC Power Supplies
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< A Typical DC Magnet Power System

l *AC Power

« Power Supply
Controller

« EPICS
=
* (Ethernet)

* Power
Supply

» Feedback and
Monitor
Transductors

« Magnet

S / ]
L0
&
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4 Power Supply Definition, Purpose, and Scope

Definition

A “DC power supply” is a device or system that draws uncontrolled,
unregulated input AC or DC power at one voltage level and converts it to
controlled and precisely regulated DC power at its output in a form
required by the load

Purpose

 Change the output to a different level from the input (step-up or step-down)
* Rectify AC to DC

* Isolate the output from the input

* Provide for a means to vary the output

» Stabilize the output against input line, load, temperature and time (aging)
changes

Example

« 120 VAC is available. The load is a logic circuit in a personal computer
that requires regulated 5V DC power. The power supply makes the 120 V

AC power source and 5V DC load compatible
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Power Supply Definition, Purpose, and Scope - Block Diagram

AU ﬂ\_}, 7" A —

:D—TrurEF ormer = Reclifier

15

T3

Filler = Requin Lor f={Lood

Power Line
EMI/EMC

Controls Interlocks Reliability
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4 Power Supply Definition, Purpose, and Scope — A DC Magnet Power System

_____________________

Lot !

\ 4 4
—»| Power Supply

> Controller
-

!

Power Supply

ransductors

| O
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4 Power Supply Definition, Purpose, and Scope — A DC Magnet Power System
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< Power Supply Definition, Purpose, and Scope — Characteristics

Some characteristics of the power supplies most often used in particle or synchrotron
accelerators are:

 They are voltage or current sources that use the AC mains (off-line) as their source
of energy.

*They can be DC-DC converters

*They are not AC controllers.

 They are not computer power supplies or printed circuit board converters
*They have a single output.

 The output voltage or current is not fixed (such as those used by the telephone and
communications industry), but are adjustable from zero to the full rating

*The DC output power ratings range from a few watts to several megawatts
*Typical loads are magnets or capacitor banks

*The bipolar power supplies discussed later are typically used for small corrector
magnets are DC-DC converters fed from a common off-line power supply

 They can have pulsed outputs as discussed later
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® +

CATHODE

In the reverse direction, there is a small
leakage current up until the reverse
breakdown voltage is reached

June 2017

Rectifiers - Diode Characteristics

CURRENT
ANODE
® +
FORWARD !
CURRENT
BREAKDOWN ® -
VOLTAGE CATHODE
VOLTAGE

LEAKAGE CURRENT

AVALANCHE
CURRENT

~—-—REVERSE VOLTAGE

Forward voltage drop, V; : a small current
conducts in forward direction up to a threshold
voltage, 0.3V for germanium and 0.7V for

silicon
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1< Rectifiers - Diode Considerations

ANODE » Forward voltage drop, Vg or Vi,
® « Forward current, I or Ig
« Maximum reverse (blocking) voltage, Vg
\ 4 - Average reverse (leakage) current, Iy
®  Forward recovery time, t;,
CATHODE * Reverse recovery time, t.., usually much less than t;,

- Peak surge current, Iy,

Schematic representation  ° Cooling (air, water, oil, other)
 Package style

av_ :
o] =1, (enkT — 1) Shockley equation
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<4 Rectifiers - Thyristors - Silicon Controlled Rectifier (SCR)

AN IDE

GATL

CATHODE

Schematic representation

June 2017

SCR properties

It is simply a conventional rectifier with turn on
controlled by a gate signal

It is controlled from the off to on states by a signal
applied to the gate-cathode

It has a low forward resistance and a high reverse
resistance

It remains on once it is turned on even after removal
of the gate signal

The anode-cathode current must drop below the
“holding”” value in order to turn it off
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Rectifiers - SCR Characteristics

L, Forward Conduction Region

Breakover
Voltsge
Vamr

Section 6 - DC Power Supplies
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1< Rectifiers - SCR Considerations

« Maximum forward current
 Reverse breakdown voltage

« Gate trigger voltage and current
« Minimum holding current, I,

» Power dissipation

 Peak forward voltage

Maximum reverse dv/dt
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1< Rectifiers - General

« A rectifier converts ac voltage to dc voltage
— Classifications
Uncontrolled rectifiers (diodes)
Controlled rectifiers (all SCRs)

Semi-controlled rectifiers (SCRs and diodes)

A A _\K _& _\K _\K
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Rectifiers - Multiple Quadrant Operation

O—__.
A-c input

[

— 0
D-c output

(a)

O___.
A-c input

) (RS,

D-c output

(b)

A-c input

Reversing
switch

——o><O—O
D-c output

(¢)

O——._
A-c input

£y

—o0
D-c output

June 2017

(d)

4+ Yo

4

-
=<

Range of
operation at
d-c terminals

Range of
operation at

d-c terminals

Range of
operation at
d-c terminals

Range of
operation at
d-c terminals

Section 6 - DC Power Supplies
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Rectifiers - 1 ¢ Full Wave (q = 2 Pulse)

rYYY

L (+)
%

Ik V
v % s ’

)

Y
|

Load ;

» q = the number of possible rectifier states

* SCR s are electronic switches

Section 6 - DC Power Supplies
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< Rectifiers - 1 ¢ Full Wave (q = 2 Pulse)

S ~V
(+)
BT
(+) >— —
N0 Vo T Load§
BYR'E
()
<

State1: SCRs1-30n
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< Rectifiers - 1 ¢ Full Wave (q = 2 Pulse)

FYY YN
(+)
BT
(1) ——
(+) > Vo T Load §
RV
(-)

State 2 : SCRs2 -4 0n
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< Rectifiers - 1 ¢ Full Wave (q = 2 Pulse)
Line voltage

|
SRR,

o

Itls N Line current

C

s (1 [}

s 0

O

c

- U U u
= Rectifier output voltage

LV | /N /N N\ N\ 2/

Y Y Y YV VO

qx
Filter output voltage
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Rectifiers - 1 ¢ Full Wave (q = 2 Pulse)

m @voltagem

| VAV,
LBe BB
O FCAR A 5 c
— N <5 <
N
IS Rectifier output voltage
*g V, AN AN N AN BN [\

0
sl LY Y Y T ]
S Filter output voltage

Vdo-

0

1T 1T _ 1 ol _
VdO :_IVLL(t)dt :_j\/EVLL Sinwt dt = — J \/EVLL sinwt dwt
T t T t T 5

the SCR gate trigger retard anglerange is0<a <«

V2 vy,

T

Vyo = (1+cosa) for resistive load
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Rectifiers - 1 ¢, Full Wave (q = 2 Pulse) Summary

« 2 pulse rectifier — low input power factor, high output ripple
* Ripple frequency is 120 Hz (if input is 60 Hz)
» Large filter needed

* Limited in use to power supplies < 2.5 kW

1T 1T 1 wl
VdO :?JVLL(t)dt :?I\/Z VLL SINwt dt :a)—T J \/2 VLL SIN wt dC()t
t t a

the SCR gate trigger retard angle range is0<a <«

V2 vy,

Vo = - (1+cosa) for resistive load

Section 6 - DC Power Supplies
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< Rectifiers - 3 ¢, q =6 Pulse

Y Y Y\
+ (+)
k 1 k 2 k 3
A S— Vdo -
mu zg 7T\ Load
k 6 k 5 k 4
()
Assuming the American standard phase rotation of
Vag 9V |e) Ve c dV e Vo, =V ]e 12

The thyristor firing sequence is:

1-5, 1-4, 2-4, 2-6, 3-6, 3-5
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€ Rectifiers - 3 ¢, q =6 Pulse

~YYS
_\:1_\:2_\:3 + et |
M, 48 =— vz

gC 7] Load
R Y

/|

State 1: A-B (+) SCRs1-50n

Note: Phase SCRs from full retard to full forward slowly to bring the
rectifier output voltage up slowly and reduce the capacitor inrush current
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€ Rectifiers - 3 ¢, q =6 Pulse

rYY Y\

LY,
ML 88—
nFa'Aa'y

e

/|

(+)

Load

()

State 2 : A-C (+), 5 off, SCRs1-40On

June 2017 Section 6 - DC Power Supplies
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€ Rectifiers - 3 ¢, q =6 Pulse

Y'Y Y

1112_&3 +
S E
B!

e

/|

(+)

Load

(-)

State 3 : B-C (+), 1 off, SCRs2 -4 On

June 2017 Section 6 - DC Power Supplies
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< 3 ¢, q =6 Pulse Rectifier

LYY Y

BT
pA — Vi

%%_’ TN L oad

BT TR'Y

(-)

State 4 : B-A (+), 4 off, SCRs 2 — 6 On
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< 3 ¢, q =6 Pulse Rectifier

Y Y Y

%M_1nﬂ” '
AL AL L

e

/|

(+)

Load

(-)

State 5 : C-A (+), 2 off, SCR s 3 -6 On

June 2017 Section 6 - DC Power Supplies
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< 3 ¢, q =6 Pulse Rectifier

Y Y YN

1112_&3 +
PA — Vo

%g@_} 7T\ Load

BT 'Y

(+)

(-)

State 6 : C-B (+), 6 off, SCRs3 -5 0On
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< 3 ¢, =6 Pulse Rectifier Waveforms
Line-Line Voltages

=0

Rectifier output voltage
e S e e e e e

do|WPO ST ©O O FF ©O WO LOS F© OOt
OAAN N N AN NN NN DD A

Full conduction a

Filter output voltage

<

do

3J2

VdO = VLLCOSa

where « is the gate trigger retard angle and conduction is continuous
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4 3 ¢, q =6 Pulse Rectifier Waveforms

Line-Line Voltages
0] Wm
o
o
«©
VvV MM/
(¢
< .
§> Rectifier output voltage
_Evdo1ddiddilildildildddgldildildi
..(E LOL()Q’Q’LO@LOLOQ’Q’LO@LOLO##LO@LOLO#
6':-’ 0 N AA NN M A A NN D N DD
Filter output voltage
Vdo
0]

ForO0<a < % where « 1s the gate trigger retard angle and conduction is continuous

32

T

Vdo -

V| | cosa
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4 3 ¢, g =6 Pulse Rectifier Waveforms

7% N N N N N A

Retard angle a > 60 degrees

=

——F""—"
L
"
_—-""‘"
"
"

T 27 i . .
For 5 <a< ? where conduction can be discontinuous

32
T

Vdo

V| (1+cos(ea + % )) for resistive load
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4 3 ¢, q =6 Pulse Rectifier Summary

* 6 pulse — high input PF — 0.95

 Use soft-start to limit filter capacitor inrush current.

» Output ripple frequency is 360 Hz for 60 Hz input

» Relatively low output ripple and easy to filter with small LC
e Limited to loads < 350 kW

 Diodes or SCRs are air or water-cooled depending upon load current

June 2017 Section 6 - DC Power Supplies 212



June 2017

Three Phase, Phase Shifting Transformer
Phase shifting transformer for 12 Pulse operation

Delta Extended-Delta Wye-Zig-Za
Wye-Delta Wye yWyeg !

A

}
-\

Primaries

Secondaries

Section 6 - DC Power Supplies
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|4
§A -
¢ BT
gpC-
Vea
Vg
Vi.c

June 2017

Total Primary Current in Wye-Wye-Delta

LT
;‘_xlwxﬂsm

B

+

o k1 iz is
OF

pE Vdo

B TR'Y
— 4 Ve
Ve VEDp
VYa-B Y,
Ve
A Vo
VE-E Ve

Section 6 - DC Power Supplies

Line Phase (°)
VA-B 0

VD-E -30

VB-C -120
VE-F -150
VC-A -240
VF-D -270

214



1< Total Primary Current in Wye-Wye- Delta

#(:) \V \// |
SAEARERAY ...
/ \ / a 7 (phases) in
| \K/ \x X/\// V T=16.67ms
ol \ /\\ /\\

Voltaae Outout Delta-Wve Re tf r (Line-Line Voltaaes)

[\ X'? Or \YXZ/ ‘?X
VUGN ‘H'éé‘“' M 2o
\ IYXVHY \Y 'H\V WAVAY: T=16.67ms

LVEVVUNVUVYUVY

o. \ ‘
° V VVV \ Vv ‘
° .002 0.00: 6 0.008 0.01 0.012 0.014 0.0 018 0.02 0.022 0.024 0.026 0.028 042 0.044 0.046 0.048 0.05
t

. VVVVVVVVVVVVVVVVVYVYWVWVYVYVVYVVVYVYVVYWYVYVYVYWVYWVYV VY 12 pulses |n

T=16.67/ms
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< Total Primary Current in Wye-Wye-Delta

Ly,

pA 1 i
3C Vdo
BT RY Wye-Wye - -
|- 0 H oo gamel Ll loal |

+
l 2 3 .051 3 5 7 9 1113151719212325272931333537394143454749
PA - ¢D % i i 1 o
B- 7 -
¢ pE Vdo
¢C-

L OO SO £ Wye-Delta | _

5 B
25 T T L‘ T T T T T T
— Y-Y contribution
— Y-A contribution I I
2 y —— total current i 0 08 mo oe
// A —— fundamental harmonic
1.5~ - - N
Pr““ary Llne 05 T35 7 1113151719 2123 2527 29 31 33 35 37 39 41 43 45 47 49
- /HF 4 L N 49
/
/ | Currents
0.5~ ‘ - 525
y ,
[} /
g y
=1 (/
g ot — 2 7
£ /
: / Wye-
0.5~ 15 —
] Wye- |
] Delta |
2k . . (| nm n
_2'5 r r r r r r r r r )
0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1 05173 5 7 © 1113 15 17 10 21 23 25 27 29 31 33 35 37 39 41 43 45 47 49
one period 1 n 49
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Balanced Bridge Harmonics - Trigonometric ldentities

Addition formulae

sin(A+B) =sin Acos B +sinBcos A
sin(A—B)=sin Acos B—sinBcos A
Therefore

sin(A+B)+sin(A—B)=2sinAcosB
sin(A+B)—sin(A-B)=2sinBcos A

and

sin A+ sinB = 2sin At Bcos A-B
2 2

sin A—sinB = 2sin A; Bcos A; 5

Similarly
cos(A+B)=cos Acos B —sin AsinB

cos(A—B)=cos AcosB +sin AsinB

A+B A-B

cos A+cosB = 2cos COS

A+B . A-B

cos A—cosB =-2sin sin
2 2

Section 6 - DC Power Supplies
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< Three Phase Wye-Wye

+
LT T
—g—g Vdo

" RYTRY

¢ B

¢C-

Vo =Viy, Sinot

Vep = Vi, Sin (@t —27/3) For a transformer ratio, N,
Ve, =V, Sin( ot —47/3) V

s =Ny Voi I =1, /Ny
Vago =Vip ~Ve, Vagys = \/_NYYVLNp sin(wt +7/6)
=Vin [Sin a)t—Sin(a)t—Zﬂ/3)]

(
\ s — sSin C!)t—7l'/2
=2V, sinz/3cos (wt - 7/3) BCY Vine E )
=x/_3\/LNpSin(a)t—7r/3+7z/2)

%

Venye = f vaLNp sin(wt —77/6)

=3V sm(a)t+7z/6) ners :( /3ILND/NYY )Sm wt+”/6+¢2)
LNp
Ve, = V3V, Sin (@t — 7/2) lacvs :( /3|LNp/NW )sm t—7/2+¢;)
Veap = \/—3\/LNp sm(a)t —77[/6) lcavs = ( /3ILNp/NYY )Sm ~T7/6+ ¢, )
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< Spectrum of Wye-Wye

Assume full conduction into a large inductive load

The load current, I, is then constant
The current out of the A leg of the transformer is

IANYS (t)=0 OStST/12
=1, T/12<t<5T/12

=0 5T/12<t<7T/12
=—I_ 7T/12<t<11T/12
=0 1IT/12<t<T

The Fourier series expansion is

> 27N . 2znt
IANYS(t):aO+Zancos%t+bnsm:—
]

From the symmetry of the waveform,

dp =43y =0

T

2 . 2znt
bn :?I IANYS (t)Slant
0
5T/12 11T/12
2'—'- I sin—27_lr_ntdt— j
T/12 7T/12
5T/12
Sl J sin—27mtdt
T T/12
21, 2znt[T/12
— COS

by

41

Nz

June 2017 Section 6 - DC Power Supplies

. Nz . Nnrx
sin—sin—
3

_ _an_;[cos(Snﬂ/G) —CO0S (nﬂ/G)]
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Wye-Wye Primary Current

+
LT T
-%g Vdo

B RO

¢ B

¢C-

The current on the primary leg of the transformer, due to the

YY winding is

V4 Nz .

4], & . :
- (t):NYYn—ﬂLZ_;sm 5 sin—-sin

27nt

Note that the first term eliminates all of the even harmonics

and the second eliminates all multiples of the third harmonic.
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< Wye-Wye Primary Current

|
¢A 1 2 3
9B
3C Vdo
_\x 6 _\: 5 _\x 4
¢A
¢ B )
1.5 T T L¢ C _LI T .L T T T 15
Primary Line Current
1ﬁ —
1 p—
0.5+ -
% Ow Iy JL,_WM 05 I ]
1S
0.5+ -
0 H H I—l R M I = = O R e oo
, |
501 o0z 03 04 o5 06 o7 08 09 1 05 73 5 7 9 1113151710 21232527 2931 33 3537 39 4143 45 47 4.
one period 1 n 4
Harmonic 1 5 7 11 13 15 17 19
Frequency 60 300 420 660 780 900 1020 1140
Amplitude | 1.103 -0.221 | -0.158 0.100 0.085 0 -0.065 | -0.058
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Three Phase Wye-Delta

o K1 k2 %o

oA

¢ B
¢C-

In order to have balanced current on the primary

I pns +1gas + e =0

When two delta leg A switches conduct
los =1
so that
| s 215, =0

The current through the switch is then
— 1

CAs

BAs

IL - IAAS BAs

Section 6 - DC Power Supplies

| YN TR ¥

Vdo

For a transformer ratio N, ,

Voers = Ny, Vi, sin(ot)

Vicas = NyaViy, Sin( ot —27/3)

Vears = Ny Vi, sin( @t —47/3)

Ligas = (Vinp /Nys )sin (ot + ¢, )

lacas = (Vinp /Ny, ) sin(ot —27/3+ ¢, )
lonse = (Vi /Ny, ) sin (ot —47/3+ 4, )
For equal secondary voltages

Ny, = V3N,
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< Wye-Delta Spectrum

3]
Vdo

PA 1
¢ B ]
re- 27 2znt
The current through the A winding is b, = ?I | e (t)sin?dt
0
s (1) =1./3  0<t<T/6
4| T/6 T/3 T/2 )
~21/3 T/6<t<T/3 B [sin Mt 2 [ sin 22 gt + [ sin
3T 0 T T/6 T T/3 T
=1,/3 T/3<t<T/2
2] T/6 T/3 T/2
——1,/3 T/2<t<2T/3 __ 2l oe2Et T 5 s 22Nt 2znt
3nz T | T | 3

=-21_/3 2T/3<t<5T/6
=—1,/3 5T/6<t<T
21

. ( ﬁnj ( 27N j
a, =a,=0 cos0+ Ccos— |—| COS—— +CoSzN
3nz 3 3

Again, by symmetry, only the b, terms are non-zero

4| ( Nz nz S5nrx nz}
COS—COS— —CO0S——C0S —
6 6 6

3n7r

41, Nz nz onz
= COS—| COS— —CO0S ——

3nrz 6

81, Nz Nz Nz

= —L c0s— sin— sin—
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4 Primary Current in the Wye-Delta

¢D_\x L % 2_\x+3

) £2 L

¢ B
¢C-

77 .z . nr . 2znt
SIN SIN

3nr 4 2 3 T
Note that multiples of the 2" and 3™ harmonics are also suppressed.

n : :
The cos% term does not introduce any extra zeros, but it

does contribute to the sign of the terms.

The non-vanishing terms are n =1,5,7,11,---, for which the magnitude is ﬁ/z
Referred back to the primary, the current is

8l, Nz . Nz . Nz . 2znt
s () = Ny, v sin———

8V3l, & Nz . Nz . Nz . 2znt
IAAp(t):NYYL COS —= SN — sin— sin ==

3Nz = 6 2 3 T
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amplituae

Primary Current in the Wye-Delta

49

|«
oA
¢ B -
1.5 T T T . ¢ C - T . T T T T 15
Al Primary Line Current |
1
0.5~ -
or il 05
05| { IJ
0 lJ [ il
1 -
% 01 0z 03 o4 neigbd 06 07 o8 o0 1 %°173 5 7 9 111315171021 23 25 27 20 31 33 35 37 39 41 43 45 47 49
1 n
Harmonic 1 5 7 11 13 15 17 19
Frequency 60 300 420 660 780 900 1020 1140
Amplitude | 1.103 0.221 0.158 0.100 0.085 0 0.065 0.058
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< Total Current (Primary Wye Current) in Wye-Wye-Delta

4
¢A_¥ 1 _k 2 13
gg Vdo

R TR Y

_kl_\KZ_\KWLB

Vdo|

ﬁ_\xﬁ_\x5_\x4

¢ A
' £
$C - |
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Total Primary Current in Wye-Wye-Delta

The total current in the A leg of the primary is the sum of these two terms.
i (1) = o (1) + 1oy ()

The only non-vanishing terms in both of these seriesare n=1,5,7,11

and all other values of n which have the same phase

B BB

2 2 2

J3
>

Nz
The values of cos? for these n are

The surviving terms in each series have the same magnitude, but half have
different signs so that the only remaining harmonics in the total balanced

: : . 4
12 pulse bridge are n=111,13,23,25,35,--- with coefficient N,, —
nz
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Total Primary Current in Wye-Wye-Delta

amplitude
o

-1.5

v

-2.5
0

June 2017

0.1

1 3 5 7 9 11131517 19 21 23 25 27 29 31 33 35 37 39 41 43 45 47 49

PA _Xi 1 _XE 2 _\i 3
zg Vdo
_Xi 6 _XE 5 _XK 4
|
4] ] ¢D_\il_§i2_§i3
a £y [FF “
RTTR'Y
T T T T T T T T 25
Primary Line Current
2
15
1
05
. in nm
02 03 04 05 06 o7 08 00 1 05
one period
Harmonic 1 5 7 11 13 | 15 17 19
Frequency| 60 300 420 660 780 900 1020 | 1140
Amplitude | 2.205 0 0 0.200 0.085 0.170 0 0
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< Total Primary Current in Wye-Wye-Delta

¢A_\ll_i2_\l; : 1
ERS Wye-We . |

|' e

iy P P

¢A- g 1 3 5 7 9 1113151719212325272931333537394143454749
7 15
¢B E vdo
¢C-
_Xi 6 _&15 _&u

1 |

Wye-Delta

2.5 5 7

T T L‘ T T T L T T
— Y-Y contribution
— Y-A contribution
2 I —— total current i I I
h —— fundamental harmonic o - 0l aml aa
1.5~ i
&L Primary Line |
/ “1 3 5 7 9 111315171921 23 2527 29 31 33 35 37 39 41 43 45 47 49
1 n 49
‘ Currents ]
/
/’ 5 25

amplitude
o

05 . ‘ / i V\Ne_ ) |
:#ﬂ/ ' Wye- | ,
e Delta |

0 I_l mm m

_25 r r r r r r r r r
0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1
one period =05

1 3 5 7 9 11131517 19 21 23 25 27 29 31 33 35 37 39 41 43 45 47 49
1 n 49
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6 ¢, q =12 Pulse By Series Bridges

INVNY YN
(+)
A<5%THD_\11_\12_\13 360Hz
PR > B
A Freewheeling 1~
C_ ¢ C diode - inductive
s \‘ \‘ loads 1
A 6 5 4 T~
720Hz
<<5% THD
ifi =
cancels 5th 6 Pulse SCR Rectifier (Com) g
and 7th 6 Pulse SCR Rectifier 1 ]
Y <59% THD &7 \‘ g \‘ o 360Hz —— ‘
¢ 4D 1
'
& gE IFreewheeling HOdE

_\[12_\111_\[10

- inductive loads

NAAA

SCR sequence for 30° lagging wye secondary
1-5,7-11, 1-4, 7-10, 2-4, 8-10, 2-6, 8-12, 3-6, 9-12, 3-5, 9-11

June 2017
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< 6 ¢, =12 Pulse By Parallel Bridges

. (+)
A<5% THD & & & . —1
A VIR
S_ ¢ A Interphase —_— _%
L & C Transformer an S
k k Freev[/heeling
A diode
)
<<5% THD 6 Pulse SCR Rectifier —4_
6 Pulse SCR Rectifier

Y<5%THﬂ _k _k
g_ A
CF

% %

Transformer phases and SCR firing sequence are the same as
shown for the series-connected bridges
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< 6 ¢, =12 Pulse Rectifiers - Summary

For Both Series And Parallel-Connected Bridges
e Input transformer 4 primary, A—Y secondaries for 6 AC phases
« A-Y secondaries are phase shifted 30°

« 51 and 7™ harmonics virtually non-existent in input line, << 5 % THD of
line voltage < 20 % THD of line current

* \Very high input PF to 0.97

 Output ripple frequency is 720 Hz for 60 Hz input

» Use soft-start to limit filter capacitor inrush current
 Freewheeling diode for to allow lagging bridge to conduct

e For loads > 350 kW
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< 6 ¢, q =12 Pulse Rectifiers - Summary

Series-connected bridges
* For high-voltage, low-current loads

Parallel-connected bridges
« For high-current, low-voltage loads > 350 kW.

* Inter-phase transformer needed for current sharing
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< 12 ¢, g = 24 Pulse Rectifier

Po_lygon A
Prlgnary E_+75O \‘ k k
A . — A
. C
3 ¥ % %
J H2 3 3 Y
E )
| -2250 —
o : : A
m. L|r+e LTII’]C \‘ k k =
v (4]
TRANSF ORMER 1 TRANGFORMER 2 N . V Reference— Eig::l[)l?g —» Ggtes 3
A B Po_lygon
Y‘ Prlcmary Eé_ S \‘ k k
A b— ¢ *
x1 v <] A/ 34 ? k k k
1} A2 a3l m)l oasl sl —3
M ¥ % %
E_+22.5O —_— i
& Line Line
V Reference —p Eigﬁ;?(e) —» G atesk k
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< 12 ¢, q = 24 Pulse Rectifier Summary

* Input transformer polygon primary to + 7.5° A—Y secondaries for -30°
shift

« Input transformer polygon primary to - 7.5° A —Y secondaries for +30°
shift

« 150 shift between the 4 sets of bridges
 For loads >1 MW DC or Pulsed
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< 1 Primary Controlled Rectifier — In Line SCRs
N
¢_. ; VY
|/EJ A A A
9B —
— 4 7
I/;J A A A
¢ C
- 6
I/H Vs Vee Vea Input Line to Line Voltages
SCR Output Voltages to Transformer Primary
DD EN N [N [N [
— ™ To) — ™ To) -
AU A
Lo — (40] Kp] — (40] Ko]
June 2017 Section 6 - DC Power Supplies

236



< Primary Controlled Rectifier — In Line SCRs

AB B-C C-A Input Line to Line Voltages

N X AU A

SCR Output Voltages to Transformer Primary

NRRRERRR
VR

T
1 e .
ol 5

_ 372 Vems « N  where N is the transformer
T

secondary to primary voltage ratio

Va

0

June 2017 Section 6 - DC Power Supplies
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< HJ Primary Controlled Rectifier — In Line SCRs

PA S

I/H Load
PET P ==
o I/:J A X & :—_

l/H

Advantage Compared To Secondary Control
» Keep SCR controls out of the HV and HV ol

Disadvantage Compared To secondary Control
 Twice the semiconductors mean higher losses and lower efficiency

Similarities

« PF

e Input / output harmonics
 Qutput ripple frequency
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€ Primary Controlled Rectifier — In Delta SCRs
¢ A

AY
/|

e o o e c—

¢B m‘%ﬁi
$C |

Advantage Compared To In Line SCRs

1 :
'’ lower SCR current and power (SCR on-voltage is constant)
/

Disadvantage

 Transformer wiring more complex

Similarities

» Other characteristics similar to In Line SCR controller
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€ 6 Pulse SCR Star Point Rectifier
Capacitive Filter

RECTIFIER
TRANSFORMER FILTER

R | INDUCTOR

BREAKER I

THYRISTOR

I\

RECTIFIER

.Fn

Ay
Resistance Isolation

Yy

* Primary SCR in open wye with filter inductor in lower voltage primary
 High voltage secondary with diodes and filter capacitor isolated from

main load

 Protected against secondary faults. High output impedance, capacitor

bank isolated from load
 Secondary uses diodes only.

June 2017 Section 6 - DC Power Supplies
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125KV 3PH
3000 KVA

Multi-Phase SCR Star Point Rectifier with Isolated filter

TERMNATION
TANK

NI
o h
o—

ALTER RESISTORS RECTIHERS
500 OHMS 1KW 30KV 30A
/ 9KV
CAPACITORS 1 yYyy
8UFD 30KV \w - \
ALTER RECTIFERS \T
30KV 3A AVE | Sa— e
RECTIHER ‘
TRA}\ISFORI\/ER 1 131 | crowsar
| 40KV 80A
e S AR 3 E o
T2 % ,!z,lz,* T
TIWVRISTOR vl YyYy BKV

CONTROLED

oo

*

DISCONNECT
& BREAKER

June 2017

°E
g
!

RECTIHER \
40KV 80A 1 YYY
W T1

z,!z% % #

f i yYYy

PHASE SHIFTING ALTER 5 & .

TRANSFORMER INDUCTOR ‘
Yy A A A 4

T1

PEP-I| -

KLYSTRON I i

POWER SUPPLY |

GRN

3
<
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OKV

% 271 AMPS
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1< 6 Phase SCR Star Point Rectifier

KLYSTRON POWER SUPPLY

.Large O60KY DC l DC R_IPJ}I e Voltage | 9,5v v T T : T '"*'
Joules L s I e e ‘ /
l LAY V"\]'V‘\J'VU L LA AL 1 \"\
Under LOa( " | Fiter Inductor Voltage \.\ .Large \JOUIeS
pin et WWN\ " NRRRRRRGY  under Load
Capacitor ™ = -~ Faultirom
nd _ 7 filter
Inductor L‘“ m s L Capacitor
KLYSTRON ARC VOLTAGE/CURRENT AC CURRENT WITH KLYSTRON ARC
10KV e ov e — o
Low Joules | }w"“”“’" ﬁr Low Joules
under FaUIt KLYSTRON ARC VOLTAGE ’f \ under FaUIt
.F”ter LOSS Jaiv A\W. / \ .Fllter LOSS
10kv/Div T ettt 0 *
Vmax™ ripple . \\/f\j\ff \ S /0 Vmax
or ~ 5% Of KLYSTRGN ARC CURRENT | 10KV/DIV \:A;CURRENT Irlpple or
Load | ’ /]/ \ LOAMP/DIV ~003% Of
~80kV + - A ] \%Wﬁu’ﬁ\:«ﬂ, Load

~19, Bus 10.28/div 80.7us 100kv
' 2.5ma/d1y
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< Rectifiers - SCR Gate Firing Boards

Enerpro FCOP-1200
* 12 pulse operation
« 900 VAC L-L
_» Soft start and stop
"« Phase loss detection
* Instant gate inhibit
 Phase reference sense
http://www.enerpro-inc.com
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1< AC Controllers for Filament Power

« Klystron filaments need power. In some situations, DC power is undesirable.
SLAC experience is that DC power can cause certain electrolysis effects that
erode the filaments. Hence we sometimes avoid DC and use AC controllers

« So we also briefly discuss AC controllers (Variacs and electronic types), their
waveforms, and their suitability to power klystron filaments

« We must also be aware that in certain situations AC powered filaments
surrounded by a DC magnetic field (such as in an electron bean gun) can
cause filament flexing and early filament failure from mechanical stress. We
need to use DC power for these filaments.
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Fixed Amplitude AC Controllers — Phase Angle Control

120VAC

b

Voltage step-down transformer
with HV isolation

—i4

Klystron
CT Filament

Desired |

setpoint
(-

I(wt) = Ly sinwt

Ipys = P ) (ka sma)t) dwt

Section 6 - DC Power Supplies
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4 Fixed Amplitude AC Controllers- Intelligent Half Cycle

For duty cycles < 50% firing time is two half cycles

* 50% firing and non-firing time are equal at 2 halves on, 2

halves off 1 ot >
L \/_T Jy " (Ipk sinwt)” dwt
« > 50% non-firing time is one-half cycle [onye = Y&
RMS Ton
(%) \ y S \\ - \‘ 4
2 N 5 5 N A D
E / ¢ . % N e s 3\ -, A i $ 4 tlme
ES/ 2 // Vo ) L y 8
— o N / L \ f
P —— o el i a8 s R e St S

A=100 Uz  20ms/i <E irig:
[JIHEGEY CONTRAST

-
-

TRIGGERS

SLOPE _©
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|«

* 0 to 50% of set-point, on time is 16.7ms. Off time is varied to achieve control

* 51% to 100%, off time is 16.7ms. Power is controlled by varying the on cycles

| (amps)

June 2017

Fixed Amplitude AC Controllers — Variable Burst Firing

' : ¢ < + 4

uf /O% o /é 7m6 o) ) /bf’ 3 R S o ‘:F N U

S IN o N TIME

AYARYANENYA

RO TSR T TS T

OFF TIME= /(. 7mS

AWAWATNAWAR

WA AT
\J U l éw}jmm:—//(a IS \} Time

75 “/o

\/% waT(ka sin wt)z dwt

Irms = T,
/Tcycle

Section 6 - DC Power Supplies
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4 Fixed Amplitude AC Controllers - Burst Fixed Firing
Fixed Cycle Time 25 periods to 1000 periods — Use 25 periods here

lnon, //25 = 4%

v \J

54 OK)) 5/25= 26 %

g o
5 o \of
= 1350y on, /2,5/25250%
(i /
sy N

HLPH\YS ORM 6? ;Z\IOO% time
T

\/% waT(ka sin a)t)z dwt

Irms = T,
/Tcycle

Teycle = 25 periods = 417.5ms
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4 Variable Amplitude AC — Variac Controller

ISOLATION
TRANSFORMER

VARIAC
120VAC Z| ) | HV >
|
[ J
: KLYSTRON
- . ] FILAMENT

f

» < /
| SETPOINT ,@‘

O,

Requires motor driven Variac. More maintenance than solid-state, few
manufacturers, difficult to obtain spare parts in future
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/-\\ 1.0}

Variable Amplitude AC Waveform

/N

/f ‘a\l _

-5+

—1.0r

/f’ 1\

1 wT
Liyye(DC) = ﬁj Ly sin wt dwt
0

IAVG = (0.636 * pk

ka = 1.57 * IAVG

1 (T 2
I = |— I ' t) dot
RMS T . ( pk SINn w ) w

Ly

Ippys = \/E

ka — 14‘1 * IRMS

 Sinusoidal varying current —-mechanical and thermal stress on filament

« landV peaks only as large as needed

June 2017
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Variable Amplitude AC — Staco Variac

WVARIABLE
2 TRANSFORMER

7.88 [200.0]
B9 [17.5] — —— 4.75 [120.7] ‘
| - NPLU ) T
o e = 120 ar 0/60H
69 [17.5] AR rs e rEEY v 5 "'rJ‘] z auUTEUT
{ gl ] . AR AT O
) = me=— '\(___/-' SEE CHART BELOW
! !
| =
/i ] i
I | I"||
4.75 [120.7] || ! Jel 2]
i 1 J2
iy =
6.80 [172.6] \ | ‘
] ! H = M) STEFFER MOTO
5
: | STEPPER DRIVE LB
:ﬁ} I/—\_I - ' CONTROLLER
W W J5 s
3 T ! \\ 1 i
| I : :
'~ NAMEPLATE s 5 -
2
2 1 ﬂ_ 3
o S
REMOTE 1K /
SET POINT M
%ﬂ POTEMTIOMETER
= REMOTE
POTENTICVETER
REAR VIEW
WIRE FER DIAGRAM
pimny E;EL !
| \
L;u | CET POMT ADUSTUENT
! THE OUTPUT SET POINT M&Y BE ADJUSTED WITH THE REMOTE 1K POTENTIOMETER
FROVIDED OR WITH & 0-5 VDO SIGNAL TO THE J3 COMNECTOR OM THE STEFPER
| DRIVE CONTROL. MAKE CONMECTIONS TO J3—2(+) & J3-3(—). A NOMINAL +5 VDC
841 [213.8] mz 4M : SETPOINT SUPPLY IS AVAILABLE AT J3—1 (ADJUSTABLE AT TRIMPOT R22).
| SPECIFICATIONS
| 1
I@E: 1 JI INPUT OUTPUT
L CONSTANT | CONSTANT | ERMINAL
< o N . W G|V > VOLTS = e
s ‘%%.WMA STEPPER DRIVE CONTROLLER MAK. | MAX. | MAX. | MAX.
) AMPS| kva |aMPS| Kva [ INPUT [oUTPUT
| SINGLE o-120] 15 [1.80] 20 [240] 2-4 | 4-3
SIMNG . a /60 0 S .8 20 A0 E
80 [22.9] PHASE | 120 |50/60 5 anT 75 200 = | < | 1=4 | 4=3
=10 g TR ORI PR TADWE 8 3
SPEC. CONTROL DRAWING Sgnm
- i STEFFER DRIVEW VARIABLE ML P oot peoeicrs oo
TRANSFORMER MODEL SD1510| Sivion e wax
1/4-28 ¥ .50 DEEP THREADS = B L BT e T
(4) PLACES FOR MOUNTING. BT 5 27 il T |
e E I oy mep— D| 0951804
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< AC Controllers for Filaments
Controller Type Type Stress Types
Variac Variable Amplitude AC Least thermal stress from

AC current — no off time

Intelligent half-cycle

Fixed Amplitude AC

Thermal stress from AC
current — short off time

Burst Variable

Fixed Amplitude AC

Thermal stress from AC
current — long off time

Burst Fixed

Fixed Amplitude AC

Thermal stress from AC
current — longest off time

Phase Angle Triggered

Fixed Amplitude AC

Thermal and mechanical
stresses from chopped AC
current

June 2017
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+100V w0

June 2017

Vpri

100V v

Transformer Primer - Example

Np

D1
. >
a8V
T+
2 D2
Ny H

3

AT LOAD 24VDC=24V RMS =24V AVG or 2.5ADC = 2.5A RMS = 2.5A AVG

D4

DOWSTREAM OF D1 24V PEAK or 2.5A PEAK

0.5, 17

5V RM

S or 1.7

[7A RMY

=1 -

DA

(0.5, 17

5V RM

5 or 1.7

DOWNSTREAM OF D2 24V PEAK or 2.5A PEAK

7A RMS

EACH TRA
D

NSFOR
0.5, 2.5

IMIER SH
IA PEAK

ICONDA
F1.77A

RY = 24
RMS

.8V PEA

K=24.8

VRMS

NO C

URRENT

[ FLOW

ON NE

BATIVE

HALF C

CLES

EACH TRA
D

NSFOR
0.5, 2.5

IMIER SH
IA PEAK

ICONDA
F1.77A

RY = 24
RMS

.8V PEA

K=24.8

VRMS

24Vi@2. 54,
GOW

NO C

URRENT

[ FLOW

ON NE

EATIVE

HALF C

CLES
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TransformeDrIPrimer - Example

+1oov a2 A
¥ - cOW

-1OOV P”:; . =1 bz

N;
7 Ny N

24Vi@2.5A,

Vicaa = 24VDC = Vpeak = Vims  lioaa = 2.54 = Ipear = lrms
Piuq = 24V % 2.54 = 60W

Vsecrms = Vsecpeak * VD = 24.8V V0.5 = 17.5V each winding
Veoerms =\ 17.5V2 + 17.5V2 = 24.8V both windings

Isoerms = \ 1.774% + 17742 = 2.5A total from both windings
Peoe = Veocrms * Lsecrms=24.8V*2.5A=62W both secondaries

Vorirms = Voripear * VD = 100V * V1 = 100V

_ Vimssec 24. 8V
Iprirms — * Isecrms — 100 * 2.54=0.62A
rmspri

P, =100V*0.62A=62W
Eff =215 100% = 2

sec

i 100% =96.8%
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1< Rectifiers - Homework Problem # 8

VY D1 D2
T1

V sin (7 1) NT |

| oad A D4 D3

Assume ideal components in the phase-controlled circuit above. For a purely
resistive load:

A. Explain how the circuit operates

B. Draw the load voltage waveform and determine the boundary conditions
of the delay angle «

C. Calculate the average load voltage and average load current as a
function of «

D. Find the RMS value of the load current. Help: _[sinzaxdx — g - S|r;2ax
a
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1< Rectifiers - Homework Problem # 9

100.5v

Given the following:
e Input voltage waveform

5mS 5mS time

-100.5vV

e Lossless transformer EHE
e Two SCRs, each with conducting > 4L~7

voltage drop of 1V.

e Inductor, lossless, with very large (W J_
Inductance. Capacitor, large and T
lossless

e Resistor, 10 ohms, capable of very —VWV—

large power dissipation

e Circuit operating under steady-state conditions (i.e. all transients have
subsided)
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1< Rectifiers - Homework Problem # 9 Continued

Problem

A. With the SCRs triggering retard angle at zero degrees, arrange the
circuit to provide a full-wave, rectified, and properly low-pass filtered DC
output of 200V into the 10o0hm load resistor.

B. Calculate the load current and power

C. Determine the needed transformer turns ratio.

D. Calculate the circuit efficiency

Increase the SCRs trigger retard angle to 90 degrees and
F. Calculate the new output voltage, current, and power

G. Determine the new circuit efficiency
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Thevenin Voltage Sources

Independent

Z;=>0

@)

Voc: Vs
lc = Vs/ Zs

Program
Vorl

Dependent
Z;20

Vo=Vs* Vprog * K

June 2017

Section 6 - DC Power Supplies

« A way to analyze any
complex source and load
network

*Provides a constant output
voltage regardless of the
output current

* Fixed DC output voltage

* Provides a constant output
voltage regardless of the
output current

« Continuously adjustable

* V, dependent on Vp o (Vier)
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1< Norton Current Sources

Independent
Zs,Poo
A Vo=l * Zg * Provides a constant output
I current regardless of the
lsc= Is output voltage
* Fixed DC output current
Dependent
l,= Is*[VProgram * K » Provides a constant output
current regardless of the
Vorl < A> output voltage
Program «Continuously adjustable
K*I, ZsP oo
* |, dependent on Vg ((VRer)
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< High Voltage Low Current DC supplies

Voltage Multipliers, Cockroft Walton or Cascade Supplies
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High Voltage Low Current DC supplies

+TA
T 2E
14 R
Yoo+
2E ==
D
=I;:'.2E4E
2 [~ ¥
E:-_""
L—
1
!0 . Y

June 2017

« Voltage multipliers or cascaded supplies

« Electron beam gun supplies and deflector supplies
« Half-wave, full-wave, three-phase, or six phase

« 20kV to 1,000 kV, 0to 10 mADC

 Requires high frequency input drive ~ 5 kHz to 50
kHz, but at low instantaneous power

* Provides low frequency, but high instantaneous
power output

 Advantages — simple, reliable, inexpensive

 Disadvantages- low output power, poor regulation
high output ripple, high output Z, 1st stage draws
high current
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€ High Voltage Multiplier DC supplies

20,000
18,000
16,000
14,000
12,000
10,000
8,000
6,000
4,000
2,000
0

Voltage

Voltage multiple 20kHz 0.5 uFd

1kv stage 10 mA Load

2.5%
~ %
— 2.0%
e T
—
= 1.0%
/ _—
— 0.5%
—
=
. . . 0.0%
0 5 10 15 20

number of stages

—— load —— no-load —— Ripple

Disadvantages:
Poor regulation
Large ripple

Edrop :( ||oad / (f*C))* (2 /3*n’\3 + I’]AZ/Z- n/6)
Eripple :(Iload/(f * C))?"n*(n+l)/2

June 2017
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SCR Rectifier / Regulator Current Source

pyy!
)

AY
/1

Q) 5

[
A
Trigger Viet - VI )/_
— Generator +
Vref 2 | desired (@) \I\
Reference Change Viger b Vet =V, A ad, 1, A
Reference Change Vet ¥ Vet — V¥ ah 1,1
Load | Correction I, A Voo =V ¥ ah, 1 4
Load | Correction 14 Ve =V, A ad, 1 A

Disadvantage: Line commutated, low bandwidth, some fast changes not regulated

June 2017 Section 6 - DC Power Supplies 263



1< Diode Rectifier With Linear Post-Regulator To Improve Response

Post-regulator

IE: ||_(1ﬂ[B

+ le__z
A A A
gg ~ V lgou(Vref— V1)
¢C Load
+ -
X X 2 N |
: O
VRef B VL ||_ > V|_
VRef l’[:f
Reference Change Viet M lg @V g =V, A I.=1_A
Reference Change Vier ¥ Il aV g =V, ¥ L= 11
Load | Correction I A loaV e =V, 4 L= 11
Load I Correction L { g Vi =V, A I;= 1, A

June 2017
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1< Diode Rectifier With Linear Post-Regulator To Improve Response

Post-regulator =1 _a 13

+ QIX__Z
2 X 2
AP | <V lgou(Vref— V1)
C
+ -
2 2 & <_>

Load

/AR

Vet - V1L

\S

J
L 2V,

VRef l]:+

Regulation occurs by changing the transistor Q1 resistance

E L

V isconstant,so if I, T,v, T,V -V |, Ry ¥

R

if 1,4,V dv-v T, Ry, T

June 2017 Section 6 - DC Power Supplies
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1< Diode Rectifier With Linear Post-Regulator To Improve Response

Post-regulator =1 _a 13

+ QlX__Z ‘
¢ A Pt - lgol(VRred— V1)
ﬁg TV o L Load
A 2 A <_>
i /)
Vet - VL \/IL >V,

VRef l]:+

« Qutput | sensed and deviations due to programming, load or other
changes are corrected by changing the resistance of the post-regulator.

 Broader bandwidth than line-commutated type

* \ery inefficient topology, except when full output is required
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Linear Regulator Disadvantage

Linear pass transistor, Q1 Vcgsat =1V,

IE:ILOCB IB

+

100V
SCR
Rectifier

\ /

Ig o (VRet - VL)

I Desired —> VRet

||_—)V|_

RL:]..Q

Ja
\J

Section 6 - DC Power Supplies
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4 Linear Regulator Disadvantage
Linear pass transistor, Q1 Vcesat =1V, le=l P g
Is o (Vret - VL)
+ N /\ ) RL=12
<
100V §
Vs scr
Rectifier, Vret - VL
+ -
IDesired —> VRef IL—> VL
O
— — * — *
IS_IL VL_IL RL PQl _VQl IQl
Py =Vg * | PL=V, *I Eff = L
S —VYS S — YL L —
PS
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Sd/ d=43
Aousroyg o

Sl xSA=°d

S1IBAA 924N0S

=S|

saladwy

921N0S
[<B)

o» =S

mm 00T="A

S S1JOA 924N0S
>
ks

L TO,ION=T0d

O sHem 7O
| -
@)
©

m |__HHO_
(@)

D saladwy 10O
o
<

35 |_> - m>HHO>

= S1OA TO
-

N« A=d

SNeM peoT

Hx=TA

S1JOA peo]

patisag | =l
saladwy peo
A4

100

100

10 100 90 10 900 100 10 1000 10

10

20 400 80 20 1600 100 20 2000 20

20

30

30 900 70 30 2100 100 30 3000

30

40 1600 60 40 2400 100 40 4000 40

40

50 2500 50 50 2500 100 50 5000 50

50

60 3600 40 60 2400 100 60 6000 60

60

30 70 2100 100 70 7000 70

70 4900

70

80

80 6400 20 80 1600 100 80 8000

80

90

90 8100 10 90 900 100 90 9000

90

99 9801 1 99 99 100 99 9900 99

99
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< Linear Regulator Disadvantage

100 | | | ~ 10000

60 — 8000
S
> ) u £
. 60 Source Power/Regulator ciency PO g
8 c
QD 5
o S
T Load Power %)
E o0l - 4000 &

Transistor Power
20 - — 2000
-0
0 20 40 60 80 100

Load current in amperes
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1< SCR Rectifier With Linear Post-Regulator To Improve Efficiency / Response

TS Post-regulator
| K%k 1
ﬁg _\‘ t }— T Load
1
)
Y
| Trigger < /l/ VRer
Generator T~

« SCRs full on for full output
« SCRs phased back for lower outputs to improve efficiency.

 Limited range regulation is done by the post-regulator
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SCR Rectifier With Linear Post-Regulator To Improve Efficiency / Response

e Post-regulator
ER R
2 ——
3 }— T Load

REER: 1
)
N

| Trigger < /l/ VRer

Generator T~

Output | sensed. Deviations due to load or other changes are corrected by
SCR rectifier and post-regulator.

Rectifier Vg is sensed. Slow line changes corrected by BW-limited SCRs. Fast
transients corrected by high BW post-regulator

Bipolar transistor V. ¢ Is monitored. If V. and/or V.c*lc exceeds a safe
value, SCR firing is advanced and rectifier V, Is increased accordingly
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1< SCR Rectifier With Linear Post-Regulator To Improve Efficiency / Response
TS Post-regulator

¢ A 5
ﬁg 3 }— Load

|
/|

1
N\
\/
V
| Trigger < /l/ Ref
Generator T~

Disadvantages

« Large output changes cannot be accommodated by post-regulator.
Requires retardation of SCR rectifier pulses to improve efficiency

 Low power factor when SCR gate firing is retarded (V,,,4<<Vine)
 Implementation of 2 control loops is complex

June 2017 Section 6 - DC Power Supplies 273



The Present — Switchmode Power Supplies
Circa 1990 - Present
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Recalling The Recent Past

Topology Disadvantages
« SCRs for rectification and » Low power factor
regulation

« High AC line harmonic distortion
« Narrow bandwidth

« Slow transient response

« SCRs for rectification and » Low power factor when line V =load V

ross regulation _ . - :
J Juiat « High AC line harmonic distortion

 Fine regulation by post linear
transistors « Complex control loops
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The Present Popular Solution

Topology

Advantages

rectification

* High speed

regulation

« SCRs (or diodes) for

switches

(switch-mode inverters) for

Rectifier SCRs or diodes are full on — hence
high power factor (> 0.9) possible

High PF means low AC line harmonic
distortion (<5% V,<25% | )

Fast (10 kHz to 100 kHz) switching means wide
bandwidth (> 100 s of Hz), fast transient
response (microseconds)

Fast switching means more corrections per unit
time — better output stability

Simple control loops compared to SCR
rectifier/post-regulator combination

Fast switching, high frequency operation for
electrically and physically smaller transformers
and filter components

June 2017
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The Present Popular Solution (Continued)

Topology Disadvantages
« SCRs (or diodes) for  High speed, fast-edge switching can generate
rectification conducted and radiated electromagnetic

Interference (EMI)

» High speed switches
(switch-mode inverters) for
regulation
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< Introduction To The Switchmode Advantage

stv =1 V when saturated
®

D :Ton /(Ton+ Toff)
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< The Switchmode Advantage

D:Ton /(T0n+ Toff)

'>(sz =1V when saturated
e

100V
SCR
Rectifier
I | 1
I peak 99A
1 1
ls =lsw =1L ISWRMS:99A*D/2 VLRMS:99V*D/2
Eff = %* 100% Ps =Pow +P_ Pow =Vswrms ™ swrms I ag =0 —>99A
S
1

June 2017
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< The Switchmode Advantage - Waveshapes

4 V|, = Load Voltage

N9V =
0 |, = Loadt Current

99A~T =
0 P, ="toad Power =V, * I

9801W--
0- | —
100y oAt V,,, =Switch Voltage
W On
99A—- lo,, = Switch Current
on=I, L
0 L Offf 0
P, = Switch Power

ot V, = Source Voltage

100V
0= | = Source Current

99A_- I—
0

9900W
P,= Source Power
0
Time >
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The Switchmode Advantage - Calculations

|«

%00T xSq / 1d =13
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< The Switchmode Advantage - Plots

100 ¢ ¢ ¢ ¢ ¢ ¢ ¢ ¢ & ~ 10000
Regulator Efficiency
80 ~ 8000
= Source power %
<60 g - 6000 £
%) =
c Load power c
O o
(= 3
W 40 - ~ 4000 a
20 ~ 2000
Switch power

0 20 40 60 80 100
Load current in amperes
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Linear regulator

Switchmode regulator

June 2017

Efficiency in %

100 10000
807 - 8000
[2]
601 ol 6000 &
Source Power/Regulator EAficiency =
c
o
Load Power 2
40 4000 o
Transistor Power
20 7 I~ 2000
\ \ \ T 0
0 20 40 60 80 100
Load current in amperes
100 $ $ & & + $ & 10000
Regulator Efficiency
80 8000
2 Source power %]
£60 6000 &
> =
= Load power c
S 3
& s
W 40 4 4000 o
20 2000
Switch power
0* - + . + . 4 =4 o
0 20 40 60 80 100

Load current in amperes
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< SCR Regulation Vs Switchmode Regulation

SCR

Switchmode

Efficiency

Low at low load, high at
full load

High, whether low or high load

Operating frequency

60 Hz

10 kHz to 1,000 kHz

Transient Response

Tens of milliseconds

Tens of microseconds

Short-term-stability

100s of ppm

10s of ppm

Input filter

Large

Smaller, HF regulator provides
supplemental filtering

Isolation/Line-matching
transformer

Large and upstream of
the rectifiers

Smaller because of high frequency.
Downstream of the regulator

Output filter None High frequency ripple = smaller size
Power factor Low when output is low | Always high
Line distortion High when output is low | Always low

EMI

High when output is low

High, but higher frequency, easier to
filter

June 2017
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< Linear Vs. Switchmode— Advantage Summary

Linear Switchmode

Output current/voltage is adjusted by | Output current/voltage is adjusted by
varying pass transistor resistance varying switch duty factor

Transistor voltage and current are in | Switch voltage and current are out of
phase so transistor power loss is high | phase so switch power is low

Efficiency is dependent upon the output
operating point and is maximum at 100 | Efficiency is high and relatively constant
% load

June 2017 Section 6 - DC Power Supplies 285



< Regulating Switch Candidates

Line Commutated Switches

| oad = lLiney

« Typically thyristor (4 - element) family devices
SCRs, Triacs /\/\

« Employ natural current zero occurs each 1/2
cycle for turnoff

e Slow, tied to 60Hz line and no turnoff control

» Not suitable as fast switch
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< Regulating Switch Candidates

Force Commutated

* Typically SCRs, Triacs | oad

o Artificial current zero is manufactured by pre-  Z
charged capacitor | .= - | -
9 P C Load gV ;
« Complex and power-consuming charging and :_
discharging circuits for capacitor A
» Not suitable approach for fast switches 4°>Y/‘i—_ |
C ~ | "Load
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< Regulating Switch Candidates

Self Commutated

« Devices have the ability to turn on or turn off by LOAD Y
the application of a forward or reverse bias to the
control elements (gate — emitter)

 Typically Bipolar Junction Transistors (BJTs),
Metal Oxide Semiconductor Field Effect
Transistors (MOSFETs) or Insulated Gate
Bipolar Junction Transistors (IGBTSs)

+

(7=)

1L

* Only self-commutated switches used in modern -
switchmode power supplies
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Self-Commutated
Device

Bipolar Junction
Transistor (BJT)

Metal Oxide Field
Effect Transistor
(MOSFET)

Insulated Gate
Bipolar Transistor
(IGBT)

Symbol

&

o

C

i

E

Available Ratings

600V, 10 - 100 A
1000V, 10 — 100A

150V, 10 — 600 A
600V, 10 —» 100 A
1200V, 10 — 100A

600 V, 10 — 800 A

1200V, 10 — 2400A
1700V, 50 — 2400A
3300V, 200 — 1500A
6500V, 200 — 800A

Switching Speed

DC< fs < 2 kHz

DC < fs < 1,000 kHz

DC < fs <20 kHz

Vce or Vds 05V —>15V 15V 6V 1.0 - 3.0V
f(Vge/Vgs, Ic/ld)

Conduction Loss Lowest Highest Reasonable
(Vce*Ic) or

(Vds*Id)

Control Mode Current \oltage \oltage

June 2017
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< Insulated Gate Bipolar Transistor (IGBT ) Technology

» Used in vast majority of switchmode power Single IGBT
supplies, except MOSFETs for corrector /
trim bipolars

 \oltage controlled device - faster than BJT

« MOSFET faster, but V¢ too large

« 20 kHz for PWM

 Robust, failure rate < 50 FITs

« Commercially available since 1990

IGBT
IGBT Availability
600V 10 — 800A
1200V 10 — 2400A
1600/ 1700V 50 — 2400A
2500 / 3300V 200 — 1500A
4500 / 6500V 200 — 800A
Available as 6-pack, half-bridge, single switch
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1< Manufacturers of IGBTs and IGBT Gate Drivers

ABB

Concept Technology
Collmer Semiconductor
Eupec

International Rectifier
Intersil

IXYS

Mitsubishi

Powerex

Semikron

Toshiba

Westcode

June 2017

http://www.abbsem.com/english/ight.htm

http://www.igbt-driver.com/

http://www.collmer.com/

http://www.eupec.com
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http://www.intersil.com/

http://www.ixys.net

http://www.mitsubishichips.com/

http://www.pwrx.com
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4 Topologies - Switchmode Power Supplies

« There are many topologies, but most are combinations of the types
that will be discussed here.

« Each topology contains a unique set of design trade-offs
\oltage stresses on the switches
Chopped versus smooth input and output currents
Utilization of the transformer windings

« Choosing the best topology requires a study of
Input and output voltage ranges
Current ranges

Cost versus performance, size and weight
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4 Topologies - Switchmode Power Supplies

Two Broad Categories
Flyback Converters

» The line-to-load matching/isolation transformer doubles as the output filter
choke

 Advantage — reduction of one major component

 Disadvantage — constrained to low power applications. Not employed in
accelerator power supplies

Forward Converters

* The line-to-load matching/isolation transformer is separate from the output
filter choke

 May be used in low and high power systems. Used in the vast majority
of accelerator power supplies

 Disadvantage — the increased cost and space associated with a separate
transformer and choke
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Typical Forward Converters Listed In Order Of Increasing Use

Typical Forward Converters Listed in Order of Increasing Complexity

June 2017

Topologies - Switchmode Topologies

Half-bridge Converter

Boost Regulator
Buck Regulator

Full-bridge Converter

Buck Regulator
Boost Regulator
Half-bridge Converter

Full-bridge Converter
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< Switchmode Topologies

Basic switchmode tool kit

Three Components For Re-arrangement

+ Power l IGBT | _ Resistor
T cource or Inductor & piode | —— Capacitor and/or
MOSFET Inductor

Most fundamental switchmode converter topologies are constructed
by rearranging the three components
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Switchmode Topologies

VDC:O

v [

Buck

._

Boost
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Load
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Switchmode Topologies

Definition of the Pulse Width Modulated (PWM) Waveform

Ton | Toff
< >« >
Ts
< >
. T T
Duty Cycle = Duty Ratio =D = on _ “on
Ton +Toff Ts
Dl :1_D: TOﬂ: :TOﬂ:
Ton+tTorf T
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< Topologies - Boost Converter

é Load

VDC=O

1
Ie
./
\ |
)|

« Boosts the input voltage to a higher output voltage V, = V;,,/(1 — D)

e Input current is smooth (continuous) — output current is discontinuous
(chopped)
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< Topologies - Boost Converter

L D

State 1 — Power Transfer

« Switching device Q1 turned on by square wave drive
circuit with controlled on-to-off ratio (duty factor, D)

V.. impressed across L
 Current in L increases linearly in forward direction
 Diode D is reversed biased (open)

» Capacitor C discharges into the load
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Topologies - Boost Converter

L D

State 2 - Regulation

» Q1 turned off. L polarity reverses.
*Vo=V i+ VL, Vi=Vo -V,

* Vs >V,,, Lcurrent decreases linearly
 Diode D is forward biased (closed)

 Capacitor C is recharged
Section 6 - DC Power Supplies
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< Topologies - Boost Converter Waveforms

lo , Vo =V¢ ]
+ _ D
State 1 2 —YY Y o
O—f-""""""""""~""" "= + ‘ +
+ Ic
Ol; ___________ Ikl __________ {Xl _____ V _1_|_ C V
N 0
Vi Q TN
N 4\7 A\/
o-- -\ —— S I S ; -
VD ID
Vo SN N L D
—_—l Yy p—>
o Off On| +) - - 01 (+)
VO__ VQ]_ , IQl
1 Vin C ~—~ Vo
On |Off

T Vo o 0 9
! <

L 4\7 A\_/_
o-d4- - ___ . ______.
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< Topologies - Boost Converter

Summary
 Output polarity is the same as the input polarity

* In steady-state, L volt-seconds with Q1 on = volt-seconds with Q1 off
Vin ™ ton = (Vo = Vin ) * toge
Vo = Vin *(ton + togr ) / tof
Vo=V, /(1-D)
 Output voltage is always greater than the input voltage because D < 1
 IGBT duty factor (D) range 0 to 0.95

« Limitation of D yielding greater output voltage is the limitation on the input
current through the inductor and diode

« Output voltage is not related to load current so output impedance is very low
(approximates a true voltage source).
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4 Topologies - Boost Converter Vs Other Topologies

Some Advantages
« Few components, 1 switch — simple circuit, high reliability if not overstressed

* Input current is always continuous, so smaller input filter capacitor needed

Some Disadvantages

» Capacitor C current is always discontinuous so a much larger output capacitor
IS needed for same output ripple voltage

 Output is DC and unipolar so no chance of high-frequency transformer or
bipolar output

« Low frequency transformer must be used in front of the Boost for isolation
and to match the line voltage to the load voltage

« Minimum output voltage equal input voltage
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< Topologies - Buck Converter (Regulator)
I A

— A = %Load
Buck
Power Supply ]
aaaa <Y Y Y
1 N/ ] T

R ¥ ¥ T e R L

a T | Vin 4D =~ hHV Z

Y Y W 3 Control R d

£ 1 T )

 Used in the majority of switchmode power supplies
* Bucks the input voltage down to a lower voltage

 Perhaps the simplest of all
* Input current discontinuous (chopped) — output current smooth
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4 Topologies - Buck Converter

State 1 — Power Transfer

« Switching device Q1 turned on by square wave drive
circuit with controlled on-to-off ratio (duty factor, D)

* Vi, — V, Impressed across L
 Current in L increases linearly

 Capacitor C charges to Vo
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€ Topologies - Buck Converter

State 2 - Regulation
« Switching device Q1 turns off

* \oltage across L reverses: — Vo impressed across L
 Diode D turns on
 Current in L decreases linearly

« C discharges into the Load
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Topologies - Buck Converter Waveforms

Vo, lg

Q1 On

ww
+

<
L 1,
. Off |On| QLoff IYYY VY—
Vin Vor . To: N 1
1. | N
Oon lof Vo W XD C RV,
o P S A | T . -
Vln ’ IIn
e — —
IL———' — -
<
O__ _____________________ —_
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Topologies - Buck Converter Conduction

Buck converter inductor current can be continuous,
critically continuous or discontinuous

Continuous

Critically continuous

Discontinuous

Discontinuous current is caused by:
* Too light a load

 Too small an inductor

 Too small filter capacitor

« Discontinuous difficult to control output and output # D* Vin
Section 6 - DC Power Supplies
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4 Topologies - Buck Converter

Summary

Output polarity is the same as the input polarity

In steady-state L volt-seconds with Q1 on = volt-seconds with Q1 off

(Vln_VO)*ton:(VO*toff)

VO:VIn*ton/(ton"'toff):Vln*D

Output voltage is always less than the input voltage because D <1

Switch duty factor (D) range 0 to 0.95

Output voltage is not related to load current so output impedance is very low
(approximates a true voltage source)
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4 Topologies - Buck Converter Vs Other Topologies

An Advantage

» Few components, 1 switch — simple circuit, high reliability if not
overstressed

Disadvantages

 Output is DC and unipolar so no chance of high-frequency transformer or
bipolar output

 Low frequency transformer must be used in front of the Buck for isolation
and to match the line voltage to the load voltage

Application

« Used very widely in accelerator power systems, typically for large power
supplies (perhaps > 350 kW and used in conjunction with a 12-pulse
rectifier with 6-phase transformer)
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< Topologies - Full-Bridge Converter

QD1  Q2/D2

Ai4 jl_"i} T‘"&] T KD bo
— = Vir Vo Ve
X424 _I_I_—lK.]

Q4/D4  Q3/D3

L

A

DY D7

C A

« Full wave rectifier, output ripple is multiples of the input frequency
 Equal in popularity to buck topology for high-power converters
« Used when line and load voltages are not matched

* \oltage stress on switches = input voltage

« Good transformer utilization, power is transmitted on both half-cycles

June 2017
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4« Topologies - Full-Bridge Converter Switching — Q1 and Q3 On, Q2 and Q4 Off

____ QUDL QD2 i
|

| D6 § Ug
@©
5

04/D4  0Q3/D3 | :

State 1 - Power
 Power is derived from the input rectifier and slugs of energy from C;,,

* Q1 and Q3 are closed. Current flows through Q1 and the primary winding
of Tand Q3

« A voltage (Vi,) is developed across the primary winding of T. A similar
voltage is (V;, *N) is developed across the secondary winding of T

« The secondary voltage causes rectifiers D5 and D7 to conduct current
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|4 Topologies - Full-Bridge Converter Switching — Q1, Q2, Q3 and Q4 Off

I Ql/Dl Q2/D2 L .
A22 —l—'__lﬂb—) q;gm Vo,§ o §
A et v | oLl
IR —I_I_—l ‘I_I_—lq] D%{D? |

Q4/D4 Q3/D3

State 2 - Power Off
« Q1 and Q3 are turned off. All switches are off

» C,,, recharges

* The transformer primary current flows in the same direction but the voltage
reverses polarity. This causes D2 and D4 to conduct. Stored leakage
Inductance energy is returned to the input filter capacitor. The transformer
current decays to zero.

 The secondary rectifiers D5, D6, D7 and D8 are all off
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4« Topologies - Full-Bridge Converter Switching — Q2 and Q4 On, Q1 and Q3 Off

Q1/D1  Q2/D2

Q4/D4  Q3/D3

State 3 - Power
- Power is derived from the input rectifier and slugs of energy from C;,

* Q2 and Q4 are closed and current flows through Q2, the primary winding of
T and Q4

 Avoltage (V;,) is developed across the primary winding of T. A similar voltage
(Vin*N) is developed across the secondary winding of T

» The secondary voltage causes rectifiers D6 and D8 to conduct current
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|4 Topologies - Full-Bridge Converter Switching — Q1, Q2, Q3 and Q4 Off
Q1/D1  Q2/D2 L +

§V (C-
S (@)

Q4/D4  Q3/D3

State 4 — Power Off
* Q2 and Q4 are turned off. All switches are off

 C;, recharges

« The current in the transformer primary flows in the same direction but the
voltage reverses polarity. This causes D1 and D3 to conduct. Stored leakage
Inductance energy is returned to the input filter capacitor. The transformer
current goes to zero.

» The secondary rectifiers D5, D6, D7 and D8 all turn off
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€ Topologies - Full Bridge Converter — IGBT Switching

lco1 , lcos Switching D=0.25
On Off On Off On Off
° 0) 0.25T T 2T 3T
lcoz » lcos Switching delayed by 180°
Off On Off Oon Off Oon Off
° 0O 0.5T O0.75T 1.5T 2.5T
Transformer Current D=0.5
On | Off Off | On | Off Off | On | Off
)
0 On T On 2T On

June 2017
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< Topologies - Full Bridge Waveforms
Vg =V, |g
QUD1  Q2/D2 L 4
State 1 2 3 4 - ]
g T
—— ) e
Vol Vin Ve ﬁ“gvs C - /\Lg
. —~__ ~__— [Dg D7
4] 4}
0 —f—
Q4/D4  Q3/D3 -
’ I,
o D5’ 'D7
* I,
o D6’ 'D8
+ ——
0—t— VTP,S IT P,S
+ _
On IQl’ IQS
0 =4
0 Off IQ2’ IQ4
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< Topologies - Full Bridge Waveforms

« Some inductive energy can be recovered to recharge input filter C;,

« Same pulses applied to Q1 & Q3 and the same, but 180° delayed, pulses are
appliedto Q2 & Q4

 Switching sequence is Q1 & Q3 are turned on, then turned off after providing
the required ON time

« After delay (to account for finite switch turn off and turn on), Q2 & Q4 are
turned on. After providing the required ON time, Q2 & Q4 are turned off.

« Sequence repeats

Q1 and Q4 or Q2 and Q3 are never turned on together

« Only the leading edge (or trailing) edge of the gating and current pulse move
« Symmetrical +/- pulse obtained. Must be rectified to provide a DC output
 The output ripple is twice the switching frequency
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< Topologies - Full Bridge Converter
Advantages

« Simple primary winding needed for the main transformer, driven to the
full supply voltage in both directions

« Power switches operate under extremely well-defined conditions. The maximum
stress voltage will not exceed the supply line voltage under any conditions.

* Positive clamping by 4 energy recovery diodes suppresses voltage transients
that normally would have been generated by the leakage inductances.

» The input filter capacitor C;, is relatively small

» Modest part count for high reliability.

» Can be used with or without line-to-load matching transformer
 Transformer matches the load to the input line.

« With transformer unipolar output, without transformer, used for bipolar
operation

 Capable of high power output (500 kW)
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< Topologies - Full Bridge Converter

Disadvantage

 Four (4) switches are required, and since 2 switches operate in  series, the
effective saturated on-state power loss is somewhat greater than in the 2 switch,
half-bridge case. In high voltage, off-line switching systems, these losses are
acceptably small.
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< Topologies - Summary of 3 Forward Converters
Converter Output
Type Topology V, P, Transformer Type
Buck 1 switch V.=V, *D Any Not possible | Unipolar
Boost 1 switch V,=V,, /(1-D) l;, limits | Not possible | Unipolar
Po

Full Bridge | 4 switches V,=V,*D *n Any Possible Unipolar/
Minor switch bipolar
losses

June 2017
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Pulse Width Modulation (PWM) Techniques
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< Pulse Width Modulation
'aaas — NV Y Y\
1 a2/ L |
2312 T | §
~ — | VIn aD _~ Vo
A% 2 §
+V Ramp | PP VRam vV
Ref Generator | ] Ref
Comparator LIT-E ‘ I ‘ \
VQl
Ve T Vet - Vramp= Vou Pulse width T Vo T
Vier ¥ Vet = Vramp = Vor Pulse width Vo ¥
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< PWM - Bipolar Bridge

I R
N N
B N I
—ZETTZS—
)
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PWM - Bipolar Bridge

BiRs

s

i MCOR Modules
A

12 Amp Module
R

30 Amp Module
| .
\ Our Products
Ll

)

http://www.bira.com

OUR PROJECTS CUSTOMIZE ‘ SUPPORT CONTACT

BiPolar Corrector Magnet Power Supplies

Up to 16 channels @ 12amps and up to 8 channels @ 30amps in 6U B

- Over 1,000 Units In Operation Globally

dular Design For Reliable O "

- Lab Standard Analog Control & Monitoring

The MCOR 12 system is 3 16-channel precision magnet dniver, capable of providing bi-polar output
currents in the range from -12A to +12A, The MCOR 30 system is an 8-.channel precision magnet
driver, capable of providing bi-polar output currents in the range from -304 to +304. The output
current can be adjusted smoothly through zero, A single, unregulated bulk power supply provides the
main DC power for the entire crate. The MCOR system employs a modular architecture, so that any
individual channel is serviceable without disturbing the operation of adjacent channels in the same
orate. This feature significantly improves the overall availability of the accelerator, since in most cases
the beam lattice can tolerate the loss of a single corrector and continue to operate, but could not
handle the loss of an entire crate of correctors during the repair effort.

MCOR Modules
MCOR 2/6/9/12

Each module can be customized to provide maximum outputs of 2 amps, 6 amps, 9 amps, and 12
amps. Up to 16 of these can fit in 3 single 6U VME style arate.

MCOR 30

Each module can provide 3 maximum output 30 amps. Up to 8 of these can fit in 3 single 6U VME style
orate.

System Crate

All MCOR modules are housed in 3 6U VME style orate. Each crate can house up to 16 MCOR 2/6/9/12
modules or 8 MCOR30 modules. A crate can house both MCOR2/6/9/12 and MCOR 30 modules but it
15 important to note all modules in the same orate will share the same input voltage.

view MCOR Crate Manual
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PWM - Bipolar Bridge

Generalities Q1/D1 Q2/D2 L I
2800

 Diagonal switching B <| B d !

CAR Vo

« Two PWMs are usually employed af n ] <[] "

 Switches Q1 and Q3 are the + outputleg  os/p4 Q3/D3
 Switches Q2 and Q4 are the — output leg
 An output rectifier is not required

» Since the output desired DC, but contains + and — components, a non-
polarized output filter capacitor must be used

» 2 and 4 quadrant operation is possible

Section 6 - DC Power Supplies
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4 PWM - Bipolar Bridge

Two types of PWM

« Sign/magnitude in which the sign of the reference signal determines which
pair of switches to turn on and the magnitude determines the pulse
duration/duty factor

« “50/50” scheme in which there are 2 separate, complimentary PWM
signals
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< PWM - Bipolar Bridge — Sign / Magnitude PWM

Reference Q1L/D1 Q2/D2
signal Q1/Q3 D Q2/Q4 D - <| i )]
o TN
0 Off Off
I I /
+25% 0.25 Off - = \[]
+50% 0.50 Off Q4/D4 Q3/D3
+75% 0.75 Off
« Switch only one
+100% 1.00 Off |eg at a time
-25% Off 0.25  The 2 switches in
the active leg
-50% Off 0.50 switch on and off
together
-15% Off 0.75
-100% Off 1.00
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Bipolar Bridge — Sign / Magnitude PWM — (+) Output

Q1/D1 Q2/D2 L o
+ — —f Y Y Y\ T
+ L Q1/Q3 closed
Voc CAN Vo Z
Ll il : T
« -
Q4 /D4 Q3/D3
Q1/D1 Q2/D2 L lo
+ <« —f Y Y Y\
llii} llii} 1
L
+ Q1/Q3 opened
\% C == V 0
| O_C ™~ ° |,
4 lliil]
+
- —
Q4 / D4 Q3/D3
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< Bipolar Bridge — Sign / Magnitude PWM — (-) Output

Q1/D1 Q2/D2 L o
+ B— o o o
- L Q2/Q4 closed
V C == V 0
oC ,\ (6] a
£| Ll ' T
- ( T
Q4 / D4 Q3/D3
Q1/D1 Q2 /D2 L lo
+ < . e VY
4 =] g
L
Q2/Q4 opened
V C == V 0
oC ’\ (0] a
d
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< Bipolar Bridge — Sign / Magnitude PWM - Waveforms

Voc Q1, Q3 On, + Output, D=0.3
10V ’ ’ Po—
Vag= Vo Or lag= |,
0
Q1/D1 Q2/D2 L I y
’ e oc Q1, Q3 On, + Output, D=0.5
’ ] + ] + i I Ve Voot bl
. L 0
10V Voo © Vo |
& =K |
< 0 Q2, Q4 On, (-) Output, D=0.3
Q4 /D4 Q3/D3 Voc T IS T T
-10V
0 Q2, Q4 On, (-) Output, D=0.5
VOoC beccccccacaccdammmaccaacccdecaaaaaaaad --
10V Vag= Vo or Lo,

June 2017 Section 6 - DC Power Supplies 331



EEXE

1< “50/50” Bipolar PWM
Desired Output Q1/D1 Q21D .
Reference Q1/Q3D | Q2/Q4D n n
Signal | TN
-100% 0.0% 100.0% y T
-715% 12.5% 87.5% \I}
-50% 25.0% 75.0% wpt e
250 37 504 62 50 . Bot_h bridge legs are always
active
0% 50.0% 50.0% . QL/03 (+) bridge
25% 62.5% 37.5% . Q2/Q4 (-) bridge
50% 75.0% 25.0%  Q1/Q3 180 © phase shifted
75% 87.5% 12.5% « Q2/Q4 180 © phase shifted
100% 100.0% 0.0% * Q1 is complement of Q4

June 2017

* Q2 is complement of Q3

Section 6 - DC Power Supplies

332



< PWM - “50/50” Bipolar Switihing For - 4V Output
Q1 30%
Q1/Q30n 30% Q2/Q4 on 70% ON ON ON
T2 T 3':I'/2 2T
Q1/D1 Q2/D2
= | Q3 30%
4K} ol o
10V
Q2 70%
i| JL| ON ON ON
Q4 /D4 Q3/D3
Q4 70%
Ql|Q3|Q2| Q4 | Vo ON ON
1/On [Off [ On | Off | OV
2| Off |Off [On | On | -10V o 22 Q40N 40% = - 4 V output
3|]Off |On|Off | On | OV -~ — — —
4| Off |Off [On | On | -10V | Ve . i

June 2017
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4 PWM - “50/50” Bipolar Switching For 0V Output

A
+Vce
Q1/Q30n50% Q2/Q4 on 50% Q1 | so% |'

ON ON
T/2 T 3T/2 2T

Q1/D1 Q2/D2 L Iy
' +VeeE
+
N |\)} Q3 50%
ON
10V
% JLl *Vee Q2 50% |'

|~

ON ON

Q4 /D4 Q3/D3 0

Ql|Q3|Q2| Q4 | VOC Vee Y 50%
On |Off  On| Off | OV
Off  On [ Off | On | OV
On | Off | On | Off | OV Voe
Off | On [Off | On | OV
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PWM - “50/50” Bipolar Switching For + 4 V Output

+V A
GE Q1 70%
Q1/Q30n 70% Q2/Q4 on 30% ON ON
0] | -
T/2 T 3T/2 2T
Ql1/D1 Q2/D2 L s Ry
" . ——f Y Y Y\ GE Q3
I J ON ON C
4 K] -
10v ocC ;; VO
+Vce
%%] N d Q2 30%
— ON ON
] . |
Q4 /D4 Q3/D3
*Vee Q4 30%
Q1| Q3| Q2| Q4 | Vi o on ‘
1{Off [On | Off | On | OV 0 40% — 4V output
% = utpu
21 0n|On|Off| Off | +10V +10V é é é é
3/ On | Off | On | Off oV Voc CH): S cj: Cj:
(@4 o o @4
4| On | On | Off | Off | +10V i B

June 2017
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€ PWM - Bipolar PS PWM Strategies Compared

PWM Type Advantages Disadvantages

Sign/Magnitude Output voltage is 1X the
switching  frequency  —
difficult to filter

Zero crossing transitions are
discontinuous

“50/50” Output voltage pulse 2X the switching
frequency. Easier to filter

Smoothest transitions through zero.
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Conducting and Switching Losses
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IGBT Loss Categories

Ic

Turn-on losses

Conduction losses

Turnoff losses

June 2017

|
Pcond Pswoff : Off :
t3 ty te
I:)SWOn - jVCE(t)* (t)* dt
t5 o t1
1 s
PCond — .[VCE * I *dt
t5 L, '[2
s j Vee (1)*ic(t)* dt
{3
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< Reducing Conducting and Switching Losses

Reduce losses for greater efficiency and:

« Smaller AC distribution system

» Less heat load into cooling water system

» Less heat into buildings and building HVAC

 Reduce IGBT dissipation
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Reducing Turn On Losses By Varying R

http: //www eupec. com/edltorlals/e ect cge. htm

+Rg=8. 2:i CGFO 1
I dlc/d 5kAluS dVce /idt = - 0.6kV/u S

| Eon=6.4J IZ,US/dIV;SOH [ ]
| S L N AN S

Vce

Section 6 - DC Power Supplies
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< Reducing Turn On Losses By Varying R

Cac
Rgs ‘ i
— ] T 1 | E
SR

R;=33Q2 Cy=100nF |
'dlc/dt—§45kA/,uS Ve dt = - 1.0KVI4S
"Eon'= 41|J 2,uS/d|VIS|on
| ' | Ic I

e — | . S S s i B
Hh“._-xlﬁ :

I |

| Vel ||
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< Reducing Turn On Losses By Varying R

Cac
Rgs | 3
—L__ | T ' | E
SR

‘dic/dt=
"Eon=2.8

'EQG:]-O | CG—33OnF |
AKAT 1S che/dt =-28kV/uS |

J I 2,uS/d|V|S|on : - ! . |

!
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Reducing Turn On Losses By Varying R

Case Rg dVee / dt Eon
1 8.2 0 -0.6kV/ uS 6.4 J
2 330 -1.0kV/ uS 4.1
3 1.0 0 -2.8kV/uS 2.8
Cac
Ri I’ 1 "Pois ™l - dVeg / dt
| | A . dVg / dtis controlled viaR
Co ——
| Cee = |_ower losses but possibly increased EMI
because of faster dVg / dt
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< Reducing Conduction Losses

AY
/1
/1

N/
_r

Vin \ 4 Q2 i D C; Vo | oad
_r

« If the current rating of a single switch is insufficient (conduction loss is
too great), add another switch in parallel.

 There are then 2 ways to switch Q1 and Q2, switch them ON and OFF
together or stagger their On and OFF times
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Conduction Loss Reduction By Simultaneous Switching of Q1 and Q2

A

loal= %2 * 1L

Wrran

Icomposite = 1o

ti

€

VRMS 2Sw—EaSw — VRMS—lSW

_ x*
I:)Avelsw - VRMS 1Sw | RMS1Sw

1 1,

_ * _
PAVEZSW—EaSW _VRMS].SW E IRMSlSW - 2

The composite frequency is the same as in Q1 and Q2

Section 6 - DC Power Supplies

I:)Avelsw

>

| 1*I
W—-EasW —1oW
RMS2Sw-Easw ~ & 'RMS-1S
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Conducted Loss Reduction By Staggered Switching of Q1 and Q2
A

= 1H%
Q1 72 ILoad

= 15*
1,3 %1,

Q2 bad

Comppsite” | |Load

time

» Duty factor is each switch is halved
* P, IN €ach switch is 1/2 that of the single switch case

» The composite frequency is twice that of Q1 and Q2

Section 6 - DC Power Supplies
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< Conducted Loss Reduction By Paralleled Buck Regulators

G St

+

Y Y Y
L2
=< Vin Y Y Y\ +
Vo
Dlx sz C —~ Load

Features:
« A second switch Q1 is added.

« Q1 and Q2 are staggered switched

» D2 is added, L2 is added

 Current in D1, D2 is 1/2 the load current

» Currentin L1, L2 is 1/2 the load current

e L1, L2 energy 1/4 that of single inductor since E=1/2 *L * | 2
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< Switch Turnoff Loss Reduction By RCD Snubber

V

ce

C
I T
Sw

t
1 :
Pswort = j Ve (t)I(t)dt
0
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Switch Turnoff Loss Reduction By RCD Snubber

4|

June 2017

s

v

Goal:

O

Ve or . w/o snubber
V. or I, with snubber

A

e t., | time

s

» To increase the rate of decay of I during turnoff

» To decrease the rate of V¢ build up during turnoff

* To realize goal, add a resistor R, capacitor C, diode D snubber network

Section 6 - DC Power Supplies
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< Switch Turnoff Loss Reduction By RCD Snubber

IGBJ|I Turn off

— %

R

 When the IGBT turns off, current commutates out of the IGBT into
the capacitor, C via the diode D

e This aids fast | - current decay
 C becomes linearly charged to the bus voltage

« dV¢ / dt inversely proportional to C — this slows Vg recovery
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< Switch Turnoff Loss Reduction By RCD Snubber

IGBT [Turn on
<

R D

43

C r

/1

——
A\

« When the IGBT turns on, the capacitor C, discharges through R and the IGBT
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< Switch Turnoff Loss Reduction By RCD Snubber

No snubber

|_
al
S IGBT + snubber loss dVee _ Ic
* Snubber optimized dt . C
QD: PR =—*C*V2* f
2
Snubber (R) loss IGBT turnoff loss

0 >

a (C) o

« Small C = fast dV./dt, V appears with current still in the IGBT, have IGBT loss

« Large C means slow dVg/dt, current gone before voltage buildup but the resistor losses
are high

« When the snubber circuit is optimized, the IGBT turnoff loss with snubber + snubber loss
< IGBT loss w/o snubber !
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< Switch Turnoff Loss Reduction By RCD Snubber

Design criteria
« R must limit discharge | through IGBT to < IGBT rating
*PR > Ec /T=12CV?2f

- C ripple current rating > 2’ (ave charge + ave discharge currents)

« C must appreciably discharge each cycle, so R C < minimum expected IGBT
on time

* D has to be rated to hold off the bus voltage and carry peak capacitor
charging current

Note: Turn-on losses in the latest IGBTs have been reduced so that snubber
circuits are no longer required in most applications
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< Reducing Switch Losses By Resonant Switching

Resonant Switching Attractions
* Drastically reduce switch turn-on and turn-off losses

* Almost loss-less switching allows higher switching frequencies

* Reduce the electromagnetic interference (EMI) associated with pulse
width modulation (PWM)

Two Resonant Switching Methods

e Zero current switching (ZCS)

e Zero voltage switching (ZVS)

e ZVS prevalent as disadvantages in ZCS

* |ets examine ZVS
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< Reducing Switch Losses By Resonant Switching

ON OFF ON OFF

Fixed Frequency Switching

* T, and Ty vary

ON OFF ON OFF

ZVS Resonant Mode Switching

 Frequency varies

ON OFF

OFF * T, Varies

1 * Ty fixed to accommodate
resonant circuit

ON OFF ON

 Conversion frequency inversely
proportional to load current
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Reducing Switch Losses By Resonant Zero Voltage Switching (ZVS)

June 2017

Time Interval 1

® Q1 has been closed and is carrying load current. D and C do
not have current flow in this steady-state condition.

* Vcor=0and I-g=0 as it has been sinusoidally discharged

® Note that Vg = Vg and Igor =l g
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< Reducing Switch Losses By Resonant Zero Voltage Switching (ZVS)

Load

Time Interval 2

* Q1 is opened. Diode D conducts
« Current commutates (rushes) into Cg

«Cr charges and discharges sinusoidally with frequency
determined by Cy and Ly . 1/2 sine wave occurs

* Vg is sine wave , l-g Is cosine wave = C dV g / dt
*Veeo1 = Ver

° j—
ICR ILR
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14 Reducing Switch Losses By Resonant Zero Voltage Switching (ZVS)

Load

Time Interval 3

* When Vg discharges to 0 (Vcgo=0) , Q1 is re-closed.

*lcor = iR

* There is a linear current buildup in Q1 dueto Lg and L
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Off

Veeqr 4
> O+

Vcea

S5 QO w

lcos
o

> O+

Off

50
> [ \U

June 2017

S5 QO w

> O+

2
Off

Z\/'S Waveforms

3
o

n

ICR VCR
@) o

L/ C)

<
Q1 Y Y\ Y Y Y\
L, L I
ICQ1 © +
| /
I AD C 1
é\(\ Resonant Load
R Components
Q1 0n

*Vcegr = Ver 70
*lco1 = IR

*lcgr=0

* V g=L*dl g/ dt=0

Q1 Off

*Vceo1 = Ver

*lcgp = 1 g=C*dV g / dt
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Veeo

lco

Vcea

Vcr
o

ICR
o
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N . M
lor_off [>"] off

> QO w

S5 Q-

2
Off

Z\/'S Waveforms

3
o
n
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VCEQl
lcos Turn On - PWM
| »| Pon loss PWM
VCEQl
L Turn On - ZVS
leo
Pon loss ZVS <
Pon 10ss PWM
| VCE
CQ1
Turn Off - PWM
|« >| Pos 10ss PWM

Turn Off - PWM

Vceo1

_\ICQl

Poss loss ZVS <

>

Pos 10ss PWM
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High Frequency Inductors and Transformers
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< Low and High Frequency Transformers Compared
Low frequency High frequency
Standards | Well defined by ANSI, IEEE, NEMA and | Not as well defined
UL Insulation standard followed
Operation | 60 Hz 10 kHz to 100 kHz
Sine wave Square wave — transformers Triangular
3 phase wave — inductors
Single phase
Core 3 to 100 mil laminations of steel or Fe | 0.5 to 3 mil laminations of Fe or Si-Fe
material Powdered Fe
Powdered ferrites, Ni-Zn, Mn-Zn
Winding Single-strand Cu wire Multi-strand Cu Litz wire
material

Layer or bobbin-wound

Cu foil, layer wound

June 2017
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< Low and High Frequency Transformers Compared

The power rating of a transformer is dependent upon the kollowing factors
V¥ A=K *K,* f*AFA*J*B,

where
V* A = power rating of the transformer (V*A)
K, = waveshape factor (Sine or square wave)
K, = copper fill factor (0 to 1)
f = excitation frequency (Hz)
A. = corearea(m?)
Ac = winding area (m?)
J = conductor current density (izj
m
.. (Wb .
By = peakfluxdensity | — where a Weber = 1*volt*sec
m
V*A
The transformer area product = A * Az o«
By * f*J
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< Low and High Frequency Transformers Compared

At 60Hz the volume and weight would be

An example of a 10kVA, 480V : 208V Transformer

f ratio _ Volume ratio | Weight | Weight ratio
f Volume (in 3)
to 60Hz to 60Hz (Ib) to 60Hz
18 X 18 X 18 =
60 Hz 1 _ 1 100 1
5832 (in )
6H X 5.25W X 3.37D

20kHz | 333 118 (in 3) 1/50 5 1/20

June 2017
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< Some Parameters For HF Inductor Specification

* Inductance

* Ripple current frequency
 Peak current

* RMS value of AC current
* DC current

« Saturation DC current

 Resonant frequency ( an order of magnitude > ripple frequency)
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Ripple Filters
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L1

Low Frequency Filter

Ripple Filters

B

|

L2

High Frequency Filter

K

R4

C4
nXd

V

Load

Low Frequency

High Frequency

Pass DC —reject f >60 Hz

Pass DC — reject f > switching frequency

Large L1 to reduce On inrush & high PF

Large L2 to reduce inrush and
prevent discontinuous current

R2 C2 for “critical” damping

R4 C4 for “critical” damping

June 2017
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1< Domains and Transfer Functions

Time Domainy (t) = f(t)ex (t)where g implies the convolution operation

« Difficult computations, particularly transient calculations, requires solution of
differential or difference equations

Frequency DomainY (f) =F (f) * X(f) where * implies multiplication
 Easier computations, all calculations for steady-state or transient conditions
that look algebraic in nature.

Transfer Function
» Relates the output response of a circuit/system to the input stimulus

«Formis T (f) =Y (f)/ X (f)where X (f)isthe input stimulus and Y (f) is
the output response Y (f) =X (f)*T(f)
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1< “s” Poles and Zeros

The “s” Operator
* s is used in the frequency domain and in La Place analysis

es=jo=j2rxf j=~-1

Poles and Zeros

« Zero=0 Pole=w

 Zeros occur at frequencies that cause the transfer function to go to zero.
Transfer function = 0 1s caused by a zero numerator and or an infinite
denominator T(s)=0/X(s)=0 or T(s)=Y(s)/ =0

* Poles occur at frequencies that cause the transfer function to become infinite.

Transfer function = oo is caused by an infinite numerator or a zero
denominator T(S) =c / X(S)= or T(S)=Y(s)/0=c0
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A Simple Second Order Low Pass Ripple Filter

X, = j2afL
—r VPV
+
Vi (t) ;: Vo (t)

By voltage divider law

Pole S°LC+1=0

Resonant frequency (pole)

Zero occurs at

Zero frequency at

jolL =sL
—t YL
+ +
Vi (f) Vo (F)
Vi (s) AT Vo (8)
1/ joC =1/sC
1
sC
V, :Vi*l— TZZ;
T 45l s°LC+1
sC

(j27 f,)°LC+1=0

(i27 fy)?LC+1=

f, =0
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4 A Simple Low Pass Filter

50
40
30
20

a1 Y

—10 by /O/

v(r) ~ 2 .
—— —30 o N

20 log |Vo /Vi|
=
?

_50 "'-.. G/

e
- 60 "\\?‘Qb
- 70 H'-.,H
_80 1-..,"..
—90 N
- 100

ra

f L L f
= —-—-——- — (X)
P NITe z

 Resonant frequency (pole) at f 0 will cause problems !

« At f = o0, the output goes asymptotically to zero
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< The Praeg Low Pass Ripple Filter

— PV 7V
L R L
V, T= : \ v MF? CL v
' T +sRCHL AN LR ~
C T= 2
_ S“RLC +sL+R
High R losses 20dB / decade attenjation
—rr vl 'aaa s — s
L L L R %
_ sRC+1 R
V. s?LC +SRC +1 vV Vi R C__Vo V. Cl 2 V
| ° . ®_ 3R Praeg FIEP T
TC S*RLC +sL+R Low loss 40 dB /
20dB / decade attqnuation High R Icrsses decade attenuakion

Why important:

 Used as low and high frequency filters in virtually every power supply
* Provides the filtering of the previous 2" order filter

» Essentially critical damped

* No DC currentinR, C2
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< The Praeg Low Pass Ripple Filter

Component Selection Criteria

L and C1 must be chosen to yield the desired breakpoint frequency (1/10 of
the ripple frequency for 40 dB attenuation)

« C1 and C2 must be rated for the rectifier working and surge voltages

« C1 and C2 must be rated to carry the ripple current at the rectifier output
frequency and at the switching frequency

* L must be large enough to offset the leading PF introduced by main filter
capacitor, C1

L must be large enough to limit the inrush current caused by rapid charge of
C1 during power supply turn-on to an acceptable level

L must be rated to carry the DC load current without overheating or

saturating — v
L R ::
e C2>5*(CI y ci] c2] |,
! N M °

*R=(L/C1) 12
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< The Praeg Low Pass Ripple Filter

—_—r Yy
vi Sy s°RLC,C, +5°L(C; +C, )+SRC, +1
« L
C, 25*C, R= |—
C1
20 20
0
g 0 \\\\ %Hﬂ-.
% =20 \\ S “:
Q \ 08,
= ~40 \\ O,@OE s
(7 b
— _ \ d@ & T
3 Mo \ S
Q - yi
—_— —80 ~7 s,
> AD((f) \ Cta,
\ Q
© — -100
@)
— 120 \
(®)) =140 \1'"..
ke |
8 -160
I-"""'i—..
1 10 100 1-10 1-10
Frequency
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4 360 Hz Praeg Filter

. -3 1
fi=1Hz,2-Hz. 1000-Hz  §(f):=j-27-f L:=1510 “H f:=36-H Cp:=———

C, = 0.0130F
2
V¥ 4 -L-fr

Ri= |— R=0340 Cp=5Cq C, = 0.065F

s()-R-Cyr+1
TN =— > M(f) = 20-log([T(D])  AR(f) = arg (T()
s()”R-L-Cq-Cy +8(H™L+(Cq + Cp) +5(f)R-Cy+1

AD(f) = AR(f)-57.3

20

~ -~ Vo M( f)

AD( f)
— -100 \\

_ \
120 \

-140

~160 N
\.

=l
80 7 10 100 110°
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4 Higher Frequency Operation Means a Smaller Filter

1

f
"t ordIC

n

21l LC

Letf, =nf.4 =
1

2 /LE
nn

L is smaller by the factor n

n1:rl -

C is smaller by the factor n
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4 36 kHz Praeg Filter

. . . 1
f = 10-Hz,20-Hz.. 100000-Hz s(f) = j-2-7-f L :=15.10 “-H byl = L fm——
2.7 [L-Cq
R= | R = 0340 Co = 5.C Cr=65x10 *F
N ' 2= 2= f, = 3604 Hz
T(f) = M(f) =20:-log(|T(f)])  AR() = arg(T(f)

s(N>R-L:Cy-Cy+ s(f)Z-L-(Cl +Cy) +5(HRCy+ 1
AD(f) == AR(f)-57.3

20

Vo M( f)

AD( ) 80 \
— -100 \

_ \
120 \

-140

-160 \\
-180 . .
100 110 110 110
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1< Homework Problem # 10

Given the circuit below:

40 40
MV NV
0.5H 0.5H Vous
12 02
02F ==  .005F ==

. Vout(Jo)
He)= Vin(Jjo)

Sketch |H(jew )| versus

*Remember that s=jw
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Other Design Considerations

And Power Supply Costs
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< Other Design Considerations - Heat Loading Into Building Air

All eqUipment - Z( I:)switchgear T I:)transformer T PAC cables T I:)PS T I:)DC cables )
1— Eff
Eff )
1 Eff
Eff

o Switchgear effiency >98%  Switchgear losses = Py ™ (

e Transformer efficiency > 97% Transformer losses = Py * (

)

R.
-2
¢ I:)AC cables — le RMS * f’: * Lengthj
J

e« Power supply losses = Z( Pin i~ Fout j )
J

R.
2 j
* Pbc output cable = le pc ™ ft * Length,
]
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< Other Design Considerations - Rack Cooling
 Thermal radiation from rack surface
« Electronics — maximum 50C inside rack
« Max rise in rack = 50C — T, pient max
» Size openings, back pressure drops Bp=(CFM / (k*Opening Area))?

 Fan vs load curve — junction is operating flow point

Static Pressure

Operating
point

Air Flow (CFM)
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< Other Design Considerations - Heat Loading Into Building Water

Power supply heat loss to water = Zelectrical losses of all water-cooled components

Heat lost (dissipated) by PS water cooled components = Heat gained by cooling water system

Q=M*c*AT cal = gm* ng*LIOC* (OCOutIet - OCInIet)
q=m*c*AT  watt=gpm* 264—1@“* (°Coutet = “Cintet)
gpm* ~C XrR (F)
Usually the power loss and the inlet and maximum allowable
outlet temperatures are known. The mechanical group will e @
usually ask for an estimate of the water flow requirements.
So solving for the flow yields et ookt
M= q _ waltt
crat 2641\/?)12* ( OCOutlet B OCInlet ) Powelr
gpm Supply
The system pressure drop is AP = Z P
|
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< Electrical -Thermal Equivalence — Device Cooling Calculations

June 2017

Q = Power that can be removed by the air or cooling water (W)
T, = Device junction temperature (°C)

T, = Device case temperature (°C)

T, = Ambient air or cooling water inlet temperature €C)

6, = junction to case thermal resistance eC/w)

6. = case to heatsink thermal resistance C / W)

6., = Heatsink to ambient air or cooling water thermal
resistance (°C / W)
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< Electrical -Thermal Equivalence — Device Cooling Calculations

T, Calculate Q= '9jc+16’cs+93a Q is heat that can be pulled

HHHHHHHHHHHH out of the ambient air or
cooling water

. T If calculated Q > ¢ q is the power disspiated by
the device
then all of the device dissipation will be removed by the
0. 0.. 6., air or water
—e—AM——AM— —AW—e—
Tj LI T,
T Calculate the actual air or water temperature rise
() ja from g=m*c*AT
< Q AT=_ 4 _ watts
m*c . 264watt
gpm 0
gpm* ~C

AT < the maximum allowable temperature rise
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4 Power Output Vs Mounting / Input Voltage / Cooling Considerations

Input AC (V) Cabinet Cooling
1¢ | 39| 3¢ | 39
Power Output 120 | 208 | 480 | 4160 | RM FS AC | wC
<2 kw X X X
2 kW — 5 kw X X X
> 5 kW —= 40 kW X X X
> 40 kW — 100 kW X X X
> 100 kW -1 MW X X X X
>1 MW X X X X
RM = Rack mounted FS = Freestanding
AC = Air-cooled WC = Water-cooled
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< Other Design Considerations - Cost Of Switchmode Power Supplies

1400

1300

Gfor0sctpowersupples

1200

1100 S R . e e

1000

900 NG S A S S B R A

800

700

Power Supply Cost In $/kW

600

500

400

1 2 3 4567810 2 3 4 5678100 2 3 45671000

Power Supply Rating In kW

June 2017 Section 6 - DC Power Supplies 386



< Other Design Considerations - Homework Problem # 11

A 100kW power supply is 80% efficient. Approximately 50% of the power
supply heat loss is removed by cooling water.

« How much heat is dissipated to building air and how much heat is removed by
the water system.

» Calculate the water flow rate needed to limit the water temperature rise to
8°C maximum.
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< Typical DC Power Supply Ratings for Accelerators

10’000 -1 ‘ :{é:,,,:i}; r‘\“‘w‘\{i Solenoid Ma/gnfts Chail:glng
T AT
Ve AT
1,000 A
g | A
= 1%
-
g 100 IHIi= = # =
8 —r @i : ~
10 - I gilliimS
TSPs 0
1
1 10 100 1,000 10,000 100,000

Voltage (V)
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DC Power Supplies in Particle Accelerators
PEP-11 and SPEARS3 Dipole Power Supplies

1200 VDC, 800 Amperes, 960 KW

Powers largest magnet string at Spear3, 36 ring bend magnets in series
Requires 50 PPM (full scale) current regulation, 0.1% voltage regulation
Requires 600 VAC, 6-Phase AC Input

-t

Dipole Chopper Modules
4- 1200V, 7754, 930kW
B118-47 & -48

]

/ Dipole Transformer |
| 2- 600kVA, 480V-600V

ALY
i

| i
* i B118-TRI
T bt 1 '

Dipole Bulk Power Supply |
1300V, 7754, 1000kW

June 2017
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< DC Power Supplies in Particle Accelerators
Storage Ring of the Diamond Project

» The power converter comprises of 8 paralleled modules

« Each module is a non-isolated step down PWM switching regulator operating
at a fixed frequency of 2 kHz

 IGBT devices are used as the switching element

» The 8 PWM drives are phase shifted by 360/8° to achieve a 16 kHz output
ripple frequency

DCCT

_ 650 - 0 - 550V
1 quadrant operation 850V 19l WS — L @
| | 1500A
Power Module #1

[l S

Power Module #8

Figure 1: Dipole Converter Topology.

June 2017 Section 6 - DC Power Supplies 390



< DC Power Supplies in Particle Accelerators
Diamond Booster Magnet Power Converters

» Booster operates at 5 Hz to accelerate the electrons: 100 MeV to 3
GeV.

« Power converters produce an off-set sine wave current with high
repeatability at 5 Hz

 To avoid disturbance on the ac distribution network, the dipole and
quadrupole power converters were designed to present a constant
load despite having high circulating energy: 2 MVA in the case of
the dipole

« Redundancy was introduced wherever this was economically
feasible.

 Plug-in modules are used to simplify and speed up repairs.

« Component standardization and de-rating across all power
converters was an additional design goal
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DC Link
Voltage
1kV/Div

Load
Voltage
1kV/Div

Diamond Booster Dipole Power Converter

Booster dipole PC is rated at peaks of 1000A and 2000V

Three units are sufficient to produce the required output. The fourth is
redundant

Each unit is made up of a boost circuit and a 2-quadrant output regulator that
produces the required offset sine wave current.

The boost circuit regulates the voltage on the main energy storage capacitor
and is controlled to draw constant power from the ac network.

Displaced 4 kHz switching frequency Unitl [ —
lCroy T Rectitfier . i
] / Current Unit 2 B I
' 25A/Div
d n Unit3
l' 1 1 ll' | | 1 .
AN I NI I . O/P Series
ottt L L L L LS Unitd 1= Filter || Magnets
MY I P
VTTVENTVTVTNTY
i 1 <4 Load | @ o — L <1 .| P
. 1 _ Current : cmpme 'f—v s "%"
| Y 250A/Div I o— 1 1h i T
| i | | 1 -
' ' ot L | e
1

200 ms/Div

Figure 4: First few cycles after tum on. Figure 1: Booster dipole power circuit.
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< DC Power Supplies in Particle Accelerators
THE 3HZ POWER SUPPLIES OF THE SOLEIL BOOSTER

Table 1: Major booster parameters

Injection energy 110 MeV
Extraction energy 2.75 GeV
Number of dipoles 36
Dipole magnetic length 2.16 m
Dipole gap 22 mm
Dipole field @2.75GeV 0.74 T
Dipoles inj. current 19.7 A
Dipoles ext.current 541 A
Dipoles load resistance 400 maQ Positive master branch
Dipoles load inductance 156 mH A\
g — «'/——::_\3:} . ~ T —
yiT— v EC - L 0V B ~14Q carmerter $-
//'\.‘. — =P 1 '; 1 | {4 IP)—~¢ &l.{‘; \
e e Irput filter | Buck chopper foaitceses || | T “
Crgs WS
Q )
o <
o \
- J
Ny, <
= \
s o
3 =)
21>
p T <|®
Negative slave branch g
oo ———418
2N —— Output filter ~
— B y—— - = =1l E
bgrages T 7T 17T 717171 e 3 L
. v l_ ) s Y
g 10V DS T T4 poqVec— . OEQ umc.ﬂev_"
//,:\ L .IHPM ';I;gr“ _Buck 'ii'_'DAPPC" - fauv—:rbw«‘ -g‘ J.K,f'—‘ ..-:-.j\‘
Twak :
Figure 4: dipoles PS main schematics
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DC Power Supplies in Particle Accelerators

Power Supplies for the ATF2

Transductor

Power Supply Rack

Transductor

Ethernet-EPICS 1/0O

Interlocks Redundant
current readback

AC Input Transductor

~ Bulk Power

Supply Transductor

Ethernet-EPICS I/0O
Controller Redundant
Interlocks - current readback

Transductor

Transductor

Ethernet-EPICS I/O

Interlocks Redundant
current readback
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4 DC Power Supplies in Particle Accelerators
CNAO STORAGE RING DIPOLE MAGNET POWER CONVERTER 3000A / £1600V

(1.1
" T8 I
— — |
T
- |
—— |
| = e |
—— i
|
] | A2
N e T | I e
el e | |
R | | o |
i— | [
| F .'
T30 o { B |
| & |
e " . [ AFF
LFi ¢ - |
e wad | b I
T3 a ) o
I S | | £ |
[ * | |
L_ [ 3 " B
. | —
S pe I.i-l. I
|
e T ....: | [ I
e I|
—
. I |
e o
|
Ta? |
—

Figure 2: Topology of CNAO synchrotron power supply.
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OUTPUT FILTER

250uH (x2) 1_ %

MONITOR

< DC Power Supplies in Particle Accelerators
Bipolar Power Supplies at SPEAR3 and LCLS (480W, £40V, £ 12A)
T Y
o SWITCHING |=oor
i H-BRIDGE
e POWER -
SERVO -ouT
COMMAND AMPLIFIER
INPUT
/
| |
| K
FAULT {: FAULT TIMEOUT W
STATUS AND LATCH CIRCUITRY I
CURRENTL i Ny
1R A S R S S S SR WU VR S ST M NS T S

June 2017

Figure 1.3. MCORI12 Block Diagram.
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< DC Power Supplies in Particle Accelerators

Bipolar Power Supplies at SPEAR3 and LCLS

_“\‘—‘-‘ T

Crate control system slot 16 MCOR
Power Module slots

Figure 1.1. A typical MICOR installation
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DC Power Supplies in Particle Accelerators

NEW MAGNET POWER SUPPLY FOR PAL LINAC

Table 1: Development specifications of MPS

Bipolar Unipolar
Size
435x135%450 | 435x178%450 mm
(WxHxD)
Input 1o 220V 3930V v
Output +10/20 50/50 AV
Output +50ppm +20ppm < 1 hour
stability +100ppm +50ppm =10 hours
Outpu‘r 16 bit
resolution
Topology Full-Bridge 4-Q DC/DC converter
Switch freq. 50 kHz
Output Filter _
< 5
Cut-off freq. ) kiz

June 2017

1P
220V

Figure 1: Bipolar MPS operation of full-bridge four-
quadrant DC/DC converter.

] Main Board 2nd output filter
+24v (with 1st output filter)
L11 L21 J_m =
c1 o Lo, E §
pcps| £ L12 L21 E - m
" 41N -
= pcer
- B .‘;T[ LEM
LA-55P
L .
at/az'a3licd
T Regulator Board ¥
CPU le FET PWM Pl
Board Driver *—| controller [*] Controller [ A
Figure 4: Circuit diagram of bipolar MPS.
398
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Table 1: LGPS ratings.

PEP-I11 Large Power Supplies

LGPS Vv I P (kW) Qty
BV1/2 80 900 72 1
QF2L/R 80 1250 100 2
QFSL/R 233 750 190 2
QD4L/R 200 1350 270 2
o SCORIDGEEL:
|
- |
| :
|
480VAC | E | - S T - 3 ot 0
o0 | FILTER o = OUTPUT
I _ BERDGEZ :
vl 1@
Kk
| :
|
|

June 2017
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4 DC Power Supplies in Particle Accelerators
SPEARS3 Large Power Supplies

= Line-isolated

= 32 kHz Switch-output ripple

= High efficiency

= Fast output response

= Stability better than £10 ppm
= 100A to 225A

= 70KkW to 135kW

= Low cost: US$ 0.26 - 0.39/W

Je AT
A0 PO
S
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Section 7 — Superconducting Magnet Power Systems

Rationale for Using Superconducting Magnets

Superconducting Metals and Critical Surface Diagrams

Dipole Magnet

Quadrupole Magnet

Winding Construction

Operating Modes

Quenches

Superconducting Magnet Power System Schematic

Section 7 - Superconducting Magnet Power Systems
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Rationale For Using Superconducting Magnets

Problem
Contemporary high energy physics questions require much higher beam energies

— Higher energies mean larger magnets, larger facilities (size goes like B1).
Conventional magnets consume lots of electrical power, iron cores saturate at
about 2T

Synchrotron light sources require high field insertion devices (undulators, wigglers)

— Permanent magnet pole pieces also have limited magnetic fields

Superconducting Magnets
Are smaller (possess high current density = compact windings, high gradients)

Consume much less power (primarily refrigeration power), consequently lower power
bills

Can generate greater magnetic fields (typically to 10T and more). Greater magnetic
fields mean smaller bend radius, smaller accelerator and rings, reduced capital
expense. Furthermore, no expensive iron core
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< Rationale For Using Superconducting Magnets

Example — Superconducting solenoid

From Ampere's Law L

$H-dl=Nly B=u,H RICRBICRICCRORRRIRRD

po $H - dl = u, Nl B
BL= 11 NI, or 50000000000000000000)
B=u, NI, /L

B=Tesla, T

1, =47*10 " T*m/A

N = number of solenoid turns, t
|, = amperes carried per turn, A/t
L or dl = solenoid length, m

Assume a solenoid 3m long with 2,500 turns and carrying 5,000A
B= (1, NIy) /L=(47*10 -’ T*m/A*2500t*5,000A/t)/3*m=5.2T
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Normal Conductors

Normal conductors follow Drude’s model

Electrons move freely in metal, accelerated by external E field

After a time Tt the electron interacts with the lattice of the solid and
gives up its energy

Steady state average value of velocity ¥ = —eEt/m

Steady state value of current, j = —nev = (nezr/m)l_f = oE
This defines the conductivity o

Better conductors have longer times between interactions

“Perfect” conductor has a — oo

Resistance of normal metal decreases to finite non-zero value as
temperature decreases

Section 7 - Superconducting Magnet Power Systems
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< Superconducting Metals

0 1 superconductor
« Superconducting metal resistance drops
to zero at T
« Superconductors also exhibit Meissner
normal metal
effect
Tc T - Excludes H from the center of the SC

BCS theory (Bardeen, Cooper, Schrieffer, 1957) explains SC

« In presence of lattice, conduction electrons can form “Cooper pairs” that
lower the energy of the system

 Two phase system — normal and SC phases

«Band gap forms and Cooper pairs can carry current with no lattice
Interaction

SC current capacity dependent on number of SC pairs
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< Superconductor Critical Surface Diagrams

«Current density (kA.mm-2—>

Exclusion of H (Meissner effect)
Increases system free energy.

Sufficiently large H raises free energy of
SC state above that of normal conductor
and “quenches” SC state

Many, but not all metals and alloys can
exhibit SC behavior

Different materials have different values
of T¢, He, and Je..

Niobium or one of its alloys is most
common commercially used SC material

* Picture shows the 3 dimensional space critical surface, which is the boundary
between superconducting and normal conducting phases

 Superconducting phase below surface

« Normal conducting above
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< | Dipole Magnet

« Conventional magnet
typically “iron-
dominated”

* |ron pole pieces shape
the field

« SC magnets are made
from superconducting
cable

 Winding location shapes
the field according to
Ampere’s Law

 Windings must have the
correct cross section

* Also need to shape the
end turns
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4 Quadrupole Magnet

 Quadrupole windings, gradient fields
produce focusing
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< Winding Construction

Superconducting
Magnet Wire of

Nobum- | o The superconductor is made in the form of

Titanium

s rsenss | 11INE fllaments embedded in a matrix of

a photograph of a - -
cosescioncr copper. Filament diameter = 10 - 60m.
S

2100 e o These form a wire of diameter = 0.3 -
medkedns sl ] Omm. A typical wire is at left.
Aﬁiji;’:’:o;ﬁ

temperature

aacos.itas | o The composite wires are twisted like a
rope as below left.

between the strands.

i

» The choice of the filament material iIs a
trade-off between T, B,;, and ductility

« Other filament materials have higher
critical temperatures and yield higher
fields, but only NbTi (T-=10°K) is ductile
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€ Operating Modes

IGBT switch

- | NS
Two Modes of operation = Superconducting

ViV.Y magnet
1. Power Supply Mode Dump resistor

Superconductin
magnet power
source

IGBT switch

Superconducting
AN magnet
Dump resistor
Superconductin Pulsed
magnet power current
I source
2. Persistent mode source |
Persistent
switch
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< Quenches

Quench - occurs iIf the limits of the critical surface are exceeded. The
affected magnet coil changes from a superconducting to a normal
conducting state.

 The resulting drastic increase in electrical resistivity causes Joule heating,
further increasing the temperature and spreading the normal conducting
zone through the magnet.

« High temperatures can destroy the insulation material or even result in a
meltdown of superconducting cable

« The excessive voltages can cause electric discharges that could destroy the
magnet

« |n addition, high Lorentz forces and temperature gradients can cause large
variations in stress and irreversible degradation of the superconducting
material, resulting in a permanent reduction of its current-carrying
capability.
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Superconducting Magnet Power System Schematic

.............................................. AC Power e
ceeeeeeeeeeeodeoo | . Ethernet Communications and Clock and Timing Signals _______________________
______________ S S S --Maqlzi.n.ea.n.C.l_Eecs_qnn_e_/_er_o_tec_t_icn__st_tems.----------------}
I
I
I
A
Quench PS '
> PLC 4«—>»| Protection [¢&——] Current ¢ gilg i
Y FPGA Source |
A A Y
Y\
Control/EPICS IOC
| PWM Converter hg?)svneert
g Crowbar S |

° upply V(Gnd

Fault

Resistor

Dump
Transductor Resistor

% \JGBT switch
o

Power
1 Leads T[]

A4

Protection @a@ @i@

Cryogenic Vessel & Connector Tree
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< Superconducting Magnet Power System Homework Problem #12

A collider has several equal strings of 77 superconducting magnets, each with 71.4mH inductance,
carrying 15kA of current. If one, or more quenches, all the energy from the other magnets will dissipate
their energies into the quenched magnet, thus destroying it. Design a switched dump resistor to
discharge the current at a maximum rate, dl/dt, less than the 300A/s damage threshold, to prevent
damage to the superconducting magnet in the event of a quench. Refer to the circuit diagram below.

What is the energy stored in each magnet and in the string when running at its design value?

What is the total inductance of the string?

Write the equation that describes the resistor current after closing the switch.

Find the resistor value to limit the maximum rate of decrease of current in the magnets to 150A/s
What is the maximum voltage generated across the resistor?

What is the time constant of this circuit?

Design a steel dump resistor that has little thermal conductance to the outside world (adiabatic
system). Calculate how much steel mass (weight) will limit the temperature increase of the resistor to
500°K. (Steel gets structurally soft at 538°C and melts at 1510°C.)

15kA l Help
Q=M C, AT
Q = heat (energy) into the system expressed in joules

No ok whE

Dump switch

@ Power s One string of
SUPPIY  Dump resistor e M= mass or weight of the resistor

for steel

C, = specific heat of material = 0.466

gm* °K

AT =Temperature rise of the resistor

From information in “CERN LHC Magnet Quench Protection System, L. Coull, et. al, 13th International Conference on Magnet Technology, Victoria, Canada, 1993
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Section 8 — Pulsed Power Supplies

e Transmission Lines

« Conventional Pulsers

 Solid-State Pulsers

— Turn-on Pulser

— Marx Modulator

— Induction Modulator

June 2017 Section 8 - Pulsed Power Supplies
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Outline

For the study of pulsed power systems
— Need to understand basics of transmission lines

— Once we know the basics, we can follow simple rules to apply
them

If we just state the rules
— It may sound like black magic and take away the intuition

Therefore we derive the rules to help in understanding the basics of
transmission lines

Section 8 - Pulsed Power Supplies
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Impedance Matching

« Power systems differ from low power electronics; it is expensive to
produce high power signals

« High voltages

« Semiconductors (and other devices) must be able to withstand
voltages across their terminals

« Circuits must be rated to prevent breakdown
« High currents
 Circuit elements must be able to handle current
« High power
« Generated heat must be dissipated
« The system requirements give us the minimum power required at the load

« By properly designing our circuits, matching impedances, we can
minimize the required system power, and therefore the cost and complexity
of our systems
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14 Transmission Line Basics

« A transmission line is a “controlled impedance” device, usually consisting
of two conductors.

» Its geometry and material properties determine the electric and magnetic
field distributions between the conductors.

— The voltage between the conductors is determined by the integral of the electric
field between them.

— The current along the conductors determines the integral of the magnetic field
on the conductor surfaces (Ampere’s law).

« Transmission lines support the propagation of fixed velocity waves in both
directions (forward and backward) along the line.

« Transmission lines guide transverse electro magnetic (TEM) waves, TE or
TM waves are guided by waveguides

June 2017 Section 8 - Pulsed Power Supplies 417



14 Transmission Line Equations

V(x) I(x) V(x+dx) |(x+dx)
L, dx L, dx L, dx
C| dx :: C| dx :: C| dx ::
L, inductance/length C, capacitance/length
d0l(x,t)
Vix +dx,t) —V(x,t) = —L;dx 5
oV (x,t)
I(X + dx, t) — I(X, t) - —CldXT
aV(x,t) ; ol (x, t)_ dl(x,t) c aV(x,t)
ox Y ot 7 oax b ot
0%V (x,t 0%V (x,t
), V@D
dx? dt?
0%1(x,t) 0%1(x,t)
ozl =Y
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14 Transmission Line Equation

From the previous wave equations, one defines a velocity v = 1//L;C; where L,
and C; are the inductance per unit length and capacitance per unit length,
respectively.

For a given length, [, of transmission line, the total inductances and capacitances
are L = L;l and C = (1, respectively, so that v = [ /VLC

The propagation time for the wave down the length [ lineist = [/v = VLC
Both of the wave equations solve the “Telegrapher’s Equation”

— General solution of the second order wave equation is a combination of
two terms, both with velocity v = 1/,/L;(;

V(x,t) =V, (x —vt) + V_(x + vt)
— V, is aforward traveling wave
— V_ Is a backward traveling wave

— V., and V_ are determined by initial conditions
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14 Transmission Line Equation: Relation between V and I

Change variablesto ¢ = x — vt; Y = x + vt.
Then for any function f(x — vt) and g(x + vt)
9 _ 0% _ 1. 9 _ 3 _

Use the chain rule, recognizing that Pl He 5 =~V
of x —vt) df(¢p) dglx+vt) dg(¥p)
ox d¢p ' 0Ox dy
of (x —vt) . df (¢) 0g(x +vt) , dg(@)
ot B dp ' 0ot Ay
We can rewrite the two terms in the circuit equations
vV dV,(x —vt) N IV_(x+vt) dV,(¢) N dvV_(y)
ox 0x 0x - do dy
ol 0l,(x—vt) Jl_(x+ vt) dl,(¢) di_(y)
= + = -V T U
dt dt Jt do dy
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14 Transmission Line Equation

Therefore separating the circuit equation Z—Z = —1I; % Into Its two components
means
dvi(@) _ dl(¢)  dV($) _ | dI($)
dp "V de dp VT de

Recalling that v = 1/,/L,C,, Lv = /L;/C,, integrate to obtain
Vilx —vt) = \/mu(x —vt) =ZI,.(x — vt)
V_(x+vt) = —MI_(x + vt) = —ZI_(x + vt)
where we have defined Z & \/L,/C,

(The integration constant is zero for waves.)

This gives the definition of the transmission line impedance Z
as the ratio of the voltage wave to the current wave (taking direction of travel
Into account)
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1< Coaxial Transmission Line

Capacitance/length (voltage between conductors)
Q A A B A 2T€

C = —= — = — = —
vi Vo _ fbaE . dx [ dr log(b/a)

a 21re
Inductance/length (flux between conductors)

L——ffB 43 = — ff—drdl £ Jog(b/a)

27T 2T
[ ] Ll M_
7= f ﬁ f

U =

\/ LiCy \/_ \/_C
e T=+LC
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14 Wave Equation from Fields

VXE=—-0B/dt; VxH=0dD/ot

- Ae(zt — Th(z,t) .
p_ et o G
2TET 27T
VxE a/?a 1/ g/ae a/ﬁa 1 _delzt)g
o r r z| =
E. rE, E, 2mwer 0z
P H = I 0h(zt) _
 2nr 0z "

de(z,t) el oh(z, t). oh(z,t) B Ade(z,t)
dz A ot ' 9z I ot
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14 Wave Equation from Fields

Differentiate w.r.t z and use second equation to get

d%e(z,t) 0%e(z,t) 0
9z2 Moz T

0°h(z,t) 0°h(z,t)
— UE =0
0z>2 dt?

This is the telegrapher s equation with

v =1/\pe = 1/\irtho€r€o = C/\/lrE;
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Transmission Line Boundary Conditions

Our wave equation has two solutions, V., V_

We are working with circuit equations, but with the proper
Identification with EM sources and fields we can use common

conservation laws of physics to determine V. and V_
—V~E

—

— I ~H

Section 8 - Pulsed Power Supplies
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1< Energy in Transmission Line

The energy of the electromagnetic fields in a volume is

1o = = —
8=§fff(E-D+B-H)d3x

A ul

=_fff ( + : )rdrd@dz

21er 2mr  2mr 2Tr

1
2(2 )?

by
2 2 d
l(l/e+,u1)Jar2 r

1 1 ul
=5 [(/11)2 ﬁlog(b/a) - Elog(b/a) 12]

E=1/2Q%/C+1/2LI* =1/2CV?+1/2 LI?
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I« Energy in Transmission Line

8—1CV2+1L12—1 CV? + L (V)Z
2 2 2 VA

1 L 1 L
=—(cv? —V2)=— CV?+—=V?|=CV? = LI?
2( Wz 2( TLC

In a wave, the EM energy is equally distributed.
— Half of the energy is in the electric field.

— Half is in the magnetic field.

June 2017 Section 8 - Pulsed Power Supplies
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1< Power and Momentum Flow

The power flow of fields is determined by the Poynting vector P = E x H. For
the coaxial line

A AU 2
2mer 2nr~ rlog(b/a) 2mr ‘

Power flow along the line is

_ VI 2n
p — f B . ds = j a6
S 2mlog(b/a) Jo

The momentum of an EM field is p = I_’>/c2 so the momentum flow is VI /c?
(with direction +)

b dr

=VI

a T
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14 Energy Stored in Charged Line

Two models of a charged transmission line

1. Transmission line statically charged to voltage V
€= %(Cld)V2 (C, capacitance/length)

2. Two co-moving waves on the transmission line
V=V, +V); V,=V.=V/2
€ = [(CaVE + (W] + 5 [(Cd)V2 + (Lid)I2]
= [(C;)VE + (CA)VZA] = 2(C,d)V¢
_ V\s _ 1 2
= 2(C,d) (E) =2(Cd)V

Calculated energy the same in both cases
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14 Momentum in Charged Line

1. Momentum of EM field on line of length d statically charged to voltage V
- I=0>=>FP=0>=>((p=0)
2.  Momentum of two co-moving waves
— Power VI, propagating in positive direction
— Power V_I_ propagating in negative direction
— Total momentum
Pr=D++DP-=Vil, -V I
=1/Z[(V/2)* = (V/2)?] = 0

e Calculated momentum the same In both cases
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] Transmission Line Types

» Coaxial transmission lines
— \oltage between two coaxial conductors
— Currents of equal magnitude and opposite sign are carried on the conductors
— Conductors separated by air or dielectric
— Transverse electromagnetic (TEM) transmission line media

— ldeally non-dispersive (propagates all frequency components equally), with no
cutoff frequency

— No external electric or magnetic fields
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Transmission Line Types

» Coaxial transmission lines and cables

Power

Supply

June 2017

Inb2 [u
20:2_3 2
7T &
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14 Transmission Line Types

« Planar transmission line - Stripline consists of a single strip buried in a

dielectric separated from two or more ground planes

< W »
H N . . l T
D B Strip
il T
Characteristic Impedance Zo = o0 In 4t . ohms
Jer 0.67 2W (0.8 + Dj
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Transmission Line Types

« Planar transmission line - Microstrip line consists of a single strip on
dielectric separated from a ground plane

A
Y

W lT

. . . ||

— 2
W ialantr _er+l g1 HY) 72 (W
when (ﬁ% 1 Effective Dielectric Constant  &p = 5t 5 {1+12 (W jj +0.04[1 (H D
Characteristic Impedance Zg :ﬂln 85+O.25Vl ohms

5
_ 2
when [Vﬁvj >1 Effective DielectricConstant g = 57 1, er-l [1+ 12(ﬂjj

Characteristic Impedance Zo=

June 2017

2 2 W

120

ﬁm+1.393+§|nm+1.444ﬂ
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14 Transmission Line Types

« Lumped element transmission lines
— Combination of series inductors, shunt capacitors
— Single inductor-capacitor combination is a resonant circuit

— Series of an infinite combination of series L, shunt C turns into an ideal
transmission line

— Electric fields of lines stored in capacitors

— Magnetic fields of lines stored in series inductors
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14 Lumped Element Transmission Lines

Y X — Y Y Y L __ Y Y Y L __ YYY \L__YYY
L
dc L db) L 1
7 TN —— 7T\ 7T\
. dz dz

T ALAAANALT T AN LA LA
E=yE, H=XxH, Zo = \/g Characteristic impedance - 377 ohms for air (free space)

for air (and most dielectrics) 4 =1, forair ¢, =1 (most other dielectrics &, > 1, n = number of sections

Inb
Zoy = Z—A\/Z For coaxial line, 502 <Z, <802
T &

: VAR
v=—1__ = wave velocity wavelength A=— time delay=ty =n*+/LC
\ HoHr oy f
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14 Transmission Line Boundary Conditions

 Join two transmission lines together

— If the impedances of both lines are the same, the electric and magnetic
fields (voltage and current) can propagate without interruption.

— If not, the boundary conditions on the fields force a reflection of part of
the signal
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14 Transmission Line Equations at an Interface

The general situation at an interface between two transmission lines of
Impedance Z; and Z,, is

« A source generates an incident voltage and current,(V;", I;7) moving
forward on Line 1, with V;* = Z, I}

« (V{,I") at the interface causes a transmitted voltage and current,
(V5+, 1), moving forward on Line 2, with V;" = Z, I

« (V1,1 at the interface might also cause a reflected voltage and current,
(V{, 1), moving backward on Line 1, with Vi = Z,I;

1 2

|

|

¢
z1 —:'> + 72
-4—'—
¢

I
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I« Transmission Line Equations at an Interface

The voltages on each side of the interface must be equal
V1+ + Vl_ — V2+
The current must be conserved at the interface
If =17 + 1

Express this in terms of the voltages and impedances
v _V1 v _V1 +V1 + Vi
Zy Ly I 44 Zy

Solve for the Reflection Coefficient, I' = V{ /V;*

Vi 12, -1/Z, Z,—Z,

vt 1/Z,+1/Z, Z,+Z,

The Transmission Coefficient, T is defined as

+

Ve WA v (v (V," 1)
A T j
Zz +Zi+ 725 - Zf VYV
AMAA |
Z3 + 77 T ~

2z
Zy +Zf 7 7
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Rl Transmission Line Power Conservation

The flow of energy, power, is conserved at the interface
(assume all voltages and impedances are real)

V+ 2
PIN:V1+I1+ :( 1)
Zq
o V2 (2= 20)? (V1)
RV Zy  (Za+ 2?74
TV)? 1 472 Z
Zy Z,(Zy+271)* 724

Pr
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1< Transmission Line Simple Examples

v+
Open Line Zs IYYY)
° Zl — ZO; Z2 = 00 —AAWN
2:' 7
e I'=1 k Z, 2 °
V-, D)=(V*,-I")
° ]2 =0 IYYY)
 \oltage totally reflected without
Inversion n
Shorted Line VY
e Z1=Zy, Z,=0 Zo T
1 0 2 o AN _
o ['=-1 —Ls
A Z, |2z z,
° VZ =0
(V-,1)=(-V*,IY)
 \ltage totally reflected with
Inversion -
YVVYY
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14 Transmission Line More Complicated Example

(V51

JYV VY

Pulse sent down line on -
controlled impedance |

Vi) (0L

First interface Is with higher |

Impedance device (Z, > Z,) JTITS %

—Transmitted pulse |

—Reflected pulse o 22
(V1)

|
« Transmitted pulse reflects off J{H]L
short |

Vi) (0L

« Reflected transmitted pulse

S |
reache_s first interface o ﬁﬁ
— Transmitted pulse down original line |

— Reflected pulse on second line Z, Z,
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1< Discharging a Pulse Forming Network

Now apply this to a PFN

« Chargethe PFNtoV

« Open charging switch
« Close discharge switch
— Energy, momentum conserved
— V., V_waveswithV, =V_=V/2

— Duration of pulse is time for a full round trip

2d
T=—=2dVLC

v
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June 2017

Transmission Line Homework Problem #13

A transmission line can be formed using lumped Ls and Cs. Calculate
the delay of a line composed of 8 sections of inductances L=4mH per
section and capacitance C=40pF per section.

. The frequency of a signal applied to a two-wire transmission cable is

3GHz. What is the signal wavelength if the cable dielectric is air? Hint
— relative permittivity of air is 1

What is the signal wavelength if the cable dielectric has a relative
permittivity of 3.6?
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1< Transmission Line Homework Problem #14

For the transmission line shown below, calculate the Reflection Coefficient
I, the reflected voltage and the voltage and current along the line versus
time.

=0 R.=500

R.=1160Q
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KVL: U =L 52 + v,

KCL: l1 = CZ ddvz

(;12) = (e, S
(8)-(20) -

0o -1/L,

where A = (1/62

June 2017

) and B = (1/L1)

Resonant Charging

e TS~ Y Y Y\

@J U C, —

) (on) + (15

)+ 50

0
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14 Resonant Charging

In matrix notation
(sI —A)X =x(0) + BU

X=(sI—4)"1x(0)+ (sI—A)1BU

L (s ywyTt_ 1 s~/
(51—14)1—(_1/62 s) _52+1/L1C2(1/C2 S )

)=z oe, ) Gin) + (%5

0

where U(s) = Uy/s and w? = 1/L,C,.
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Resonant Charging

Assume initial values of (i, v,¢) = (0,0), then
I 1 1/L4

() = 5w (e

I, = :itzU’—sinwt

V_l Upwg (1 s ’
> ss24+ w2 \s s24+w2)

= v,(t) = (1 — coswyt)U,
Attime t = m/wg, cos(wem/wy) = —1

\oltage doubles, v, (/wy) = 2U,

— Use diode to prevent circuit ringing down

Section 8 - Pulsed Power Supplies
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14 Resonant Charging Intuition

« Second order undamped system implies oscillation

— Resonant frequency wy = 1/VLC

— Voltage and current across each reactive element 7 /2 out of phase =
sin wgt, cos w,t

— Step change of current across inductor requires infinite voltage =
i(t) =Ipsinwgyt;v-(t) = Vycoswyt

— Energy oscillates between inductor and capacitor = 1/2 LI¢ =
1/2 CV¢ =V, =./L/CI,
*  Qutput oscillates about “steady state” value (Uy)
— Startsat v-(0) =0

— Maximum value v.(/wy) = 2U,

June 2017 Section 8 - Pulsed Power Supplies 449



14 Resonant Charging from Capacitor

Two capacitors now in series L,
Cs = C,C3/(Cy + C3)
wo =1/ m — G C, —
Z = \[L1/Cs

Initial conditions

v3(0) = Uy, i1(0) =v,(0) =0
There are several ways to calculate the final voltage on C,.
1) Integrate the current through L, for the time (0, n/wo)

77,'/(1)0 77'-/(‘)0
Q, = f i,(t)dt = U, f sinwyt dt = Uy |— +/L,Cs 2

= 2C.U, = —Z—U =2
sYo Uz(w()) c 0

Cs CZ
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14 Resonant Charging from Capacitor

2) Find the charge transfer necessary to change the voltage across the
series capacitors from Uy to —U,.

q3z0 = C3Uy

Q3f/C3 - QZf/Cz = (Q30 - QZf)/C3 - QZf/Cz = —q30/C3 = —Uj
1+1 _C3+C2 _2 . - 2C,
C, " G q2f = C5C, q2f = Cs q30 = q2f = C; + G, d30

= Vyr = [2C3/(C3 + C)] - Ug; v3r = [(C3 —C2)/(C3 + CR)] - U
3) Use conservation of energy and charge to find circuit equations
Er =&y = q50/(2C3);qr = q2 + 43 = q30 = G2 + q3¢
qgf/(ZCg,) + Q%f/(zcz) = q50/(2C3)

(qgo - qu,f)/(ZCg,) = (Q30 + q3f) ' (Q30 - q3f)/(2C3)

= (g30 + q3f) - q2r/(2C3) = Q%f/(zcz)

Q2f = (g30 + Q3f)(C2/C3) = (2930 — q21)(C2/C3)

Q2 = [2C5/(C5 + C2)] - q30 = vop = [2C3/(C3 + C3)] - Uy;
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14 Conventional Pulsers - The Pulse Forming Network (PFEN)

Flatness is directly proportional to the number of LC meshes
Rise-time is determined by the LC of the mesh closest to the load

wging - D Pulse width T is twice the one way transit time t of the wave in the PFN
e : I The one-way transit time is
I
DeQing i PEN t=n*L*C
Signal ; ;
Divider/ | and the pulse width T is

T =2*n*JL*C
The load impedance and pulse width are usually specified. From these two

I
I
i ‘g parameters the PFN LC can be specified. The nominal L and C in each mesh is
ydrogen | Vi the total L and C divided by the number of meshes.
IS
I

:eedback: :_{e
|

ayratron L
itch Tube —T.7 7 7] - = |=

Tra C
T=2*2*C
T
2*7Z
T*Z
2
Since the PFN impedance is matched to the load impedance, all the
PFN stored energy is dissipated in the load

| =
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arging

i&gﬂe

Conventional Pulsers - The Pulse Forming Network (PFN)

|
|
i
DeQing :
Signal :
Divider/
:eedback:
:

|

|

|

|

|

|

ydrogen
qyratron
itch Tube

June 2017

The PFN is typically tuned to the impedance of the load in order to reduce
voltage and current reflections. The effective output voltage at the load obeys
the voltage divider law and is effectively

Z|oad
Vipad =Vpfn ™
P Z10ad +2 pfn
Zload + £ pfn
Vpfn =Vioad * &
Z|oad

Because typically the PFN has the same impedance as the load,
Vpfn =2*Vioad

Therefore the PFN must be charged to twice the desired load voltage.
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14 Conventional Pulsers - Transmission Line PFN

Open transmission lines are often used for Pulse Forming Networks
(PFNs)

— They are typically charged up from a high impedance source

— Their open end is connected to a normally open switch that closes to connect
the PFN to the load

This situation can be viewed as a traveling wave reflecting back and forth
off of two open ends

— Total voltage on the line is the sum of the incident and reflected waves (Vpgy =
2VLOAD)

— Pulse has length 2 I / v, since the tail of the pulse must reflect off of the other
open end before it reaches the load

Note: | = the length of the open transmission line and v = wave velocity
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14 Conventional Pulsers - The Pulse Forming Network (PFEN)

vorl }

100% £ =N\==f£=N\=== X%p-p

Droop < X% of peak

f
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End of line clipper

_Fl?é_.

Pulse
Transformer

Parallel Plate

Kicker Magnet  gg )

T

50 Q

14 Conventional Thyratron Pulser - PEN
Kicker Pulser
480 Capacitor Charging Charging |
VAC Charging Transformer Diglgle [
3P Power Lo | I
Input Supply DeQ|ng :
- Signal !
De Qing = i |
, b SCR Switch Divider/
De Qing Circul ] Feedback !
Ref Comparator |— Driver I
Voltage 7Y N
r— e I
|
|
|
Hydrogen |
Thyratron |
Switch Tube ~
Trigger Trigger
Input Chassis
Pulse Jf
120V 1 o Xfmr
AC Core
Bias PS
June 2017
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1< Conventional Pulsers - Kicker or Fast Modulator

 Improve the rise time of modulator pulse using Cable PFN
* In line Switch with PFN

e Blumline with Shunt Switch
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1< Conventional Pulsers - Kicker Modulator
« Conventional Inline Kicker Modulator
 Thyratron for switches

 Improve the rise time of modulator pulse using Cable PFN

r V|' MINERAL O (¢ = 2.5) FLLED ALUMINUM TANK )
oltage on ! Ener
: : gy Storage Cables 2 e eeesereearraanan,
; StrageCables  : 4 g5t Lengths RG-220 Thyratron 1 arbopom 4-75tt- RG220 " giiagaon
é A 70 kV E Shownas2-25Qcables. 2 =0 z—————— n AV 5002 Cables :  Thyratron Cathodes :
:::--[ ISOLATION CHOKE F}? :
» . L I I B ) 1 1 :
: 13— \_'/ | :g : ; : -7,..\--35kV
é 0 T 100[18 E 000004Ca KA 200500 ABYCORE 1 ] 7 P E / \
;s 4 cevssscans N——t A
.............................. ’ 35 Ay Ly H S
o ' s M /1: ] e tpw-ISOnS
/ : . : : : [ -------- : : ................................
% LR S ]
é ThYratron 2 isouamion CHOKE e b :
— ? ] ' : : “e 12.5 Ohm
4 H § L A 6 ++ Kicker
% S AEI ++ Magnet
2 o "
% e oo '
? : : of | '
. L _ 2 Vet b 4-75 ft - RG-220
Simplified 2 i 5002 Cables
. Heater, R ir, Prebias P.S."
Schematic of SLC Charge Cable Trgger Drivers, and Puise/DC
i Diagnostics
TWO BunCh Kleer Located in the Control Relay Racks
System : _at Ground Potential
Kicker Pulse Charger
Pulse Power Supply
Outputl _ . __ — 12.5 Ohm
vm;:,’ /:'\ 08y Load Termination
g =
22 March 1991, KWH/ARD — B )
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W Conventional Pulsers - Why We Use a Pulsed Modulator to Drive a Klystron

Iklystron

Klystron perveance =P = 377

(Vbeam voltage )
The perveance of 5045 klystron is 2 micropervs
The peak RF power from a 5045 is 65MW, the beam volatge is 350kV

Iklystron = P* (Vpeam voltage )32 — 2%1070 % (350kv )3/2 = 414
The power needed to achieve 65MWof RF  =Vpeam voltage ™ Iklystron
=350kV * 414A=144.0MW !
Pulsed power is the right approach
Smaller power source
Less cooling required (klystron efficiency is 45%)
Average power = peak power *duty cycle(on-time*PRR)
Average power = 144.9MW *5 4S*60Hz=42.4kW much lower power
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14 Conventional Pulsers - Present Klystron Modulator Power Supply

FILTER CHARGING END OF LINE
INDUCTOR CHARGING DIODES CLIPPER
INDUCTOR KLYSTRON
RECTIFIER T LVAAAS )l WA 1
DIODE STACK —— '
AAA DESPICKING ;
CIRCUIT —$
L
$ ——
T PULSE
FILTER DEQING —r
RESISTIVE L ORMING
CAPACITOR NETWORK ;
I_§ PULSE
RECTIFIER —) — XFORMER
TRANSFORMER f f ? o~
> L
e
21 —=e
gy g \GD
HEATER
SLAC KLYSTRON MODULATOR = LS gy
THYRATRON|HEATER =
FIRING RIBEERVOIR
PULSER KEEP ALIVE]

* Primary VVT, with diode rectifier

 High voltage secondary with diodes and filter capacitor

* Protected against secondary faults
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14 Conventional Pulsers - Klystron Modulator with PFN

Thyratron 1:14 Transformer
o W 5| {% [%
Charging Pulse Forming Network 75 MW Klystrons
Supply e » W\ -
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14 Conventional Pulsers - Klystron Modulator PS — Cabinet Details

Energy Recovery Circuit
Capacitor Discharge Switch
De-spiking Coil

Charging Diode

Pulse Forming Network
Anode Reactor

Thyratron

Keep Alive Power Supply P

Charging Transformer

June 2017

Step Start Resistors
600VAC Circuit Breaker
Filter Capacitors
Contactors

Full Wave Bridge Rectifier

v
f | '.
| :
) I I
i -
: | .
-

De-Qing Chassis

- i

Power Supply

AC Line Filter Networks

BVa—

Power Transformer (T20)
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14 Conventional Pulsers - Conventional Klystron Modulator

l' T ¥ L ! T T ¥ ]
+ - -
s
4
.p-'.-.
1
a3
. -4
‘ . . . RF Input
:. . s . j LR I : * .o * : . ' O . — 325W
i d
T - - -
+
. .o ....!.... P —
RF Output : : : <
| =75.3MW : : ) / /ﬁ :
e ' B O e L 2t
Klystron Gain =10 log, Po _753MW _ 53648 5 1
. : P 325W 4
3 - . 4. - . - -
S .
[ ) Beam Current =352 A )
| A U N ]
* | i | :
Beam Voltage = 450 kV 4
PP SRR T *
500 ns / division : 1
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14 Kicker Current Equations
Equations of Motion:

dﬁ - — N -
E—F—q(E+v><B)
dae 7

ac 1Y

where p = ymv is the relativistic momentum,y = 1/{/1 — B2,
and § = B/c.

For a system with only magnetic fields, E =0, the energy E is constant
& (3 xB) =0
dt = qvu v =

so we need to solve the differential equation

dv  q

= 5% B
dt ymv

since y Is constant.

We will choose our coordinate system so that the beam travels in the 2 direction and

we want to deflect the beam in the X direction. Therefore B = By.
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14 Kicker Current Equations

Our coupled differential equations are

dv, qB
—_— -7
dt ym “
dv B
z _ 4 v.B
dt ym
Differentiating the second equation and substituting in the first equation we get
d?v, gB\° , qB
=—|—] v, = —wzV,, Wwg = —
dt2 ym z BYz B ym
This is the familiar harmonic oscillator equation with solutions
1%
v,(t) = v,9 cOSwpt + L sin wpgt
Wp

We set our initial conditions such that v,y = wgp,v,; = 0. Then
v,(t) = wgp coswgt
v, (t) = —wgp sinwpgt

p Is the radius of curvature of the particle trajectory through the magnet.
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14 Kicker Current Equations

Integrating again, we get the equations for the particle coordinates
z(t) = psinwgt + z,
x(t) = pcoswgt + x,

p is the radius of curvature of the particle trajectory through the magnet.

Now we relate the desired curvature of the beam to its properties and the
strength of the magnetic induction.
lp| = ymv = ymwgp = qBp
~p ¢ cymfc Pymc* BE
B qB B cqB B cqb B cqb B cqb

p

All of these equations have been written in MKS units. Accelerators use a mix
of units. The unit of magnetic induction, B is Tesla, but the unit of energy is
GeV. The unit of E /q is the volt, which is also the ratio of an electron-\olt to
the electron charge. Therefore this equation is unchanged if we measure g in
units of electric charge and E in units of eV.

leV =1.602x10719])

le”=1.602x1071°C
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14 Kicker Current Equations

Inserting the units for a particle with a fundamental charge, the equation for
the curvature in a dipole magnetic field is

_ BE(eV) BE(eV) _ 10°BE(GeV)
P = cGm/s)B(T) ~ 2.998 x 108B(T) _ 2.998 x 108B(T)
BE(GeV)

P = 0.2998B(T)

For ultra-relativistic beams, f = 1
E = 3 GeV (electrons)

_ 3000 _ -o00s
Y =0511 '

f = 0.9999999855

Kicker is usually designed to deflect the beam a certain angle 6. If the B field
IS constant over a length L,
psinf =L
BE

BL=472998

sin @
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14 Kicker Current Equations

Example:

A 1 meter long kicker is required to deflect a 3 GeV electron beam by 2 mrad.
Assuming a uniform field in the kicker, calculate the magnetic induction
required for this deflection.

BL = sin @

0.2998
3

B 2x1073=0.020T

= 0.2998

Assuming that the magnet has two conductors and the circumference of the
loop of the magnetic field from each conductor passing through the beam
trajectory is 0.150 meters, calculate the current that flows through each

conductor.

Lo 0.150B
¢ H-dl=2I=0.150H = .
0

L 0.150B  0.150-0.020
247 x1077  2-4mw x 1077

1194 A
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14 Conventional Pulsers - Cable Pulse Transformer

« Cable Pulse Transformer parallels multiple cable inputs and series
connects the outputs. The pulse length must be < 2X the electrical
length of the cable and must drive a matched load.

« Fast rise time with simple transformer

 Disadvantage stray capacitance and floating cable return limits
transformer usage

Parallel Conected Input Series connected output

¢ Coax or strip line C
. S

{ Pulse shorter than cable electrical length i ;3

I
| <( :
! ’ High Voltage out
6 time Input
A < P IMPEDANCE 6xZ
: Matched Load
—_ << 6 x Cable Impedance
| z
/N
( C 1 TURNS 9
| < COM. 4 COM.
ALL TURNS ON SINGLE CORE
Input drive INPUT OuTPUT  _ RLCassel

IMPEDANCE Z/6 INPUT = -6 583080
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14 Comparison of Thyratron and Solid-State Pulser Parameters

Parameter Thyratron Solid-state
Control turn-on Yes Yes
Control turn-off No Yes

Pulse Shaping PFN IGBT

Output Voltage

1/2 PFN voltage

Same as device voltage

June 2017
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Solid-State Pulsers

 Replace Thyratron with solid-state switch SCR, IGBT, MOSFET, etc
« Having a high enough di/dt capability is the problem

« For many applications IGBTs without PFNs are being used at the present time
KLYSTRON
1

-
+

%:: —1 :___%

PULSE
XFORMER

LACETHYRATRON
WITH SOLID STATE
DEVIC

SOLID STATE

KLYSTRON MODULATOR

HEATER
SUPPLY

June 2017

Fig. 11) Switch Assembly SPR-08F45-6-WC
Section 8 - Pulsed Power Supplies
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Solid-State Pulsers — SLAC Implementation of Solid-State Switch

TekStop

: (b]a) : :
© 4.8808us -72.2V
® 4.8848us -71.4V
A4.0000ns ASOOMV

0.0V @ 100V 1.00us 2.50GS/s ® 5 L
0.0V @ 100V i+v2.96480us 1M points 10.0V /(13 Mar 2012
value Mean Min Max Std Dev 15:19:37
@ - @+ 833.4ns  832.8n 828.9n 836.2n 1.891n
Model S38 /
Thyristor Module

Features:

4700V Peak Off-State Voltage
14kA Peak Non-Repetitive
Current

30kA/uS Maximum di/dt
100nS turn-on delay time

Low Inductance
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1< Solid-State Induction Modulators

 Fractional turn pulse transformer
—Similar to a induction accelerator
—Multiple primaries driven in parallel
—The secondary connected in series

« Solid-state driver consists of
— A solid state switch that turns on and off
— DC capacitor per primary winding
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1< A Solid-State Turn-On Pulser

H +
s - 1.5kV
GD
<] ﬁ. y 1SK3I=
216A 15kv
H ( ¥
z - 1.5 kv Pulse Transformer
@ 1.5kV
y + T
216A % L5k Parallel Plate
' ¢ : ( _ 108A Kicker Magnet g
480 Capacitor < - 1.5kV
VAC 3d Charging @ T B = B
+ ¥ <
Input Power Supply ATy g 15ky 108A +/-9KkY 50 O 1
( - to ground
H +
S - g L5kv All voltages and currents
" 1.5kv are peak values
y + -
216A g 1.5 kv
— (s
s - g 1.5kV
GD =
<] @ y 1S3 =
216A g 1.5 kv
— (e
s - 1.5kV
GD e
S § e
216A 15kv
Core Reset

PS

» All pulse capacitors are pre-charged simultaneously

 IGBTs are all switched on together

« Capacitors are then simultaneously discharged producing sinusoidal V and | pulses in the pulse
transformer and magnet. The secondary winding voltages are additive

» At the end of the pulse the IGBT is turned off. The magnet current decay causes a voltage
reversal at the free-wheeling diode

* The freewheeling diodes conduct and the magnet current decays exponentially to zero
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Solid-State Induction Klystron Modulator

5045 klystron &
Pulse transformer

,HH/W /////////////////////////////////////// Z | g :.: |- 1\14
Nl 0 :
oL ot |
SNOONNNNNRNNNNNNN 1l — |
, |
!
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Solid-State Induction Klystron Modulator

?-L IL‘
¥ L“{'_', | Hybrid

» Solid-state 10 - stack installed
alongside Gallery line-type
PFN unit

2
]

o

e 22 kV => 330 kV via 15:1 xfmr

* Prototype currently at 255 kV
@ 2.2 usec @ 120 PPS
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14 Solid-State Induction Klystron Modulator
Hybrid modulator pulse

300,000 288kV 6,000

250,000 / 1400V 5,000
200,000 /M "’“‘"*\ 4,000

150,000 / / 3,000

L
9)]
3
°
>
C /
o
ﬁ 100,000 o
>
x

50,000 1,000

S A
0 e RS -y

0.0§+00 1.0E-06 2.0E-06 3.0E-06 4.0E-06 5.0E-06 6.0E:06 7.0E-06 8.0E-06

-50,000 -1,000
time seconds
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Solid-State Induction Klystron Modulator

SOLID STATE DRIVERS
« 152 IGBT Drivers (two per each primary)
« 1800 Volts per IGBT

« 2700 Amps per Driver
CORES AND SECONDARY
e 76 Primaries @ 5400 A

« 3-Turns Secondary

F i3 Surrent: ~ 100- V0T, (S00 nEd "2 777"l T Il
© Oct:26, 2091

:Z)Voltage
Lo L I A

250 nséc . 1

50 kol 500 sREC !

ol Ty T B e by T n T 1

« 400kV @ 1800A, 725MW for 3.2us, 350kW Ave.

June 2017
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1) Klystron #2 Ampss 100 VOIL 1 uslic
2) Klyvsiron Voltage: . . 50 KVMOL. L uSTx:. ...
3) Klystron #3 Amps: 100 VOIL 1 usliC

< 3.0 usec—|
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14 Solid-State Marx Generator for Modulators or Kickers
« Marx Generator charges capacitors in parallel for quickness, discharges them
In series for high output voltage. For long pulses, advantage is to avoid the
need for large iron core transformers based on volt-second product

\ 4 \ 4 \ 4
+ N+ Ay
/1 /1
\ 4
\ 4 \ 4 \ 4 \ 4 @ \ 4 \ 4 @
-+ — |+ — =) |+ =
/1 /1
A 4
\ 4 \ 4 \ 4 \ 4 \ 4 \ 4
+ N+ AYES
/1 /1
A A
\ 4
\ 4 \ 4 \ 4 \ 4 \ 4 \ 4
-\ |+ L+ - N[+
I /1 /1
| | |
— e 4 _— 4
+ A + +
‘Capacitor Charge Discharge|into load IGBT off { | decay
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14 Solid-State Marx Generator for Modulators or Kickers
« If the load is a magnet, the charging inductors are not required

i g

\ 4 A 4 \ 4
-\ |+ |+ - [+
T /1 /1
£ Yy ) 4 Y 5 Y v
\ 4 \ 4 \ 4 A 4 \ 4 \ 4
=\ |+ =\ |+ -\| +
Lo T | Bl | Vo] |
\ 4 \ 4 \ 4 A 4 \ 4 \ 4
| -\ | + I -)I + I - )I +
__+Capacitor charge S Dischargg into load __+|GBTS openTload | decay
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Solid-State Marx Generator for Modulators or Kickers

« Another implementation, using solid-state switches In place of the charging
Inductors for smaller size and less diversion of capacitor current from load

DRV2n
= e
Emitter 1
" g S0 R13 M1
D1n GRN
I Collector | ssssss PU|Sed DUtpUtg Magn et
DRIVER + sin 35
DRV1n
con DOn c13 | Collector
T A Giid CRN
—l— +V
H + Emitter
Lon switch
[ D2n |
Power Supply Cell BRIVER— T
DRV23
+ +
+ [ N
+ Emitter 1
VoL S0 R13
GRNGnd
D13 Collector | ssssss
= DRIVER . s13
DRV13
co3 D03 2 c13 | Collector
L g RN
—l— +V
DRV22 B Emitter
— f Lo3 switch - D23
=
Emitter 1 DRIVER
+V . S0 >
GrN C1d R12
D12 Coll | switch
3 DRIvER si2 —__|
DRV12
con + D02 & c12 | Colle(;:;);‘
T T Giid 7Ty,
Emitter
DRV21 B switch ' 022
= f Lo2 H =
Emitter 1 DRIVER
p11 v Grid SO N )|
= GRNZT T [T switen R11
Collector s11
DRIVER
DRV11
!+ DO1Z c11 $ | Collector
c11 . GRN
—l_ _|_ Grid v
g Emitter
D21
PS-AUX HLOl M =
GRN (— DRIVER
— GRN <<
— +v
PSPWR
+output High Voltage Pulse Power Supply
GRN
— AC
GRN Richard Cassel
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KICKER-PULSER MODEL TEST

25y o - S S
| <
L 2004 SHORT CURRENT PULSE ! |
i ST |
! 1
L [ 1|
| { |
| 3S8TAGE VOLTAGE | '|| i
| | 3
b o2skv r"'\"n-—‘—ﬂ' \ 1
[3rd ST \(:r;" l‘l |
5v .‘ \ \ :
Jdiv | | " | 1
i
b e

I notl
trig'e

~28Y
-616ns

__200ns/div. [ . ._1.38B4us
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1< Solid-State Pulsers - Homework Problem # 15

A controlled impedance transmission line often drives a kicker. The kicker is
usually well modeled as an inductor. A matching circuit can be built around
the kicker and its inductance so that this circuit, including the kicker magnet,

has constant, frequency independent, impedance which is matched to the
transmission line.

Assuming that the transmission line impedance is Z, and the kicker inductance

IS Lyicker derive the values of R1, R2, and C necessary to make a frequency
iIndependent (constant) impedance Z,.

R1 R2

C ™ I‘Kicker
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1< Solid-State Pulsers - Homework Problem # 16

A. What is the significance of the value  [#o ?
€o

and JL*C ?

B. What is the significance of the values

1
VHoé0

C. Calculate the speed of light in mediums with dielectric constants of:

&=1 =2 &=4 =8 &=16

June 2017 Section 8 - Pulsed Power Supplies
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Section 9
=  Magnetics

The Electric - Magnetic Equivalence

Field Due to a Current

Maagnetic Units Including Turns

Cores and Materials

Transformer Design Issues

Inductors
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< The Electric - Magnetic Equivalence

« Various magnetic types, such as transformers and filter inductors, play a key
role in many of the components used in power supplies

« Magnets are also extensively used in accelerators to guide, direct, steer and

focus beams

« Magnetic circuits are analogous to electric circuits and are important for the
analysis of magnetic devices. The equations for both electric and magnetic
circuits show strong similarities

Electrical

Closest Magnetic

EMF (Volts)

MMF (A*turn, F)

Current (Amperes)

Flux (Wb / turn, @)

Resistance (ohms, Q)

Reluctance (A*turns / Wb, R)

Resistivity (ohm*m, p)

Conductance (mhos, o)

Permeance (Wb / A*turn, P)

Conductivity (Siemens/m)

Permeability (Henries / m, )

June 2017
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< Magnetic Units Including Turns

Symbol Description Sl units Cgs units
N Winding turns turn (t) t
H Field intensity (A-t)/m Oersted (Oe)
B Flux density tesla (T) gauss (G)
7 Permeability T-m/A or H/m G/Oe
F Magnetomotive force A-t gilbert (Gb)
D Flux weber/t (Wb/t) maxwell
R Reluctance A-t/Wb
P Permeance henry/t or (Wb/A*t) H/t
| Current ampere (A) A
L Inductance henry (H) H

June 2017
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Electric-Magnetic Circuit Comparisons

1'1

i

-

Source :® _ Cable y Load

f

: V =1*R

leakage
current

e e ————— ]
S
N
-

F=®*R
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1< Field Due to a Current

N\

Current | Flux & !\‘\CE{

_‘—i——

N
Current | \/

Flux @ A /

/@/ :“E/>

Y

Right Hand Rule:
e Thumb = Current

Flux & Direction

* Fingers Point in Direction of Magnetic Field
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1< H Field Around A Wire

|:mH.m

For uniform current density

r<a '
Hzl— | =271

I' =The fraction of the total current flow in the wire

, 2
For r<a=l :r—zl Hl(LjLz
a 27 ) a
For r>a=1 =1 H2:L
2rr
H(r)
}
1
2| T T T T -
I
H, : H,
[
I
I
|
r<a a r>a ¥
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< Permeability Definitions

* 1, = permeability of vacuum = 4*z*10 - H/m
« u,= relative permeability

* u, = material permeability = B/H at any given | Amorphous
point

* Hm = Ho = My Manganese-Zinc Ferrite

« Permeability Is an important core parameter

Nickel-Zinc Ferrite

« Ferromagnetic materials used in transformer
and inductor cores because of their high
permeability

Silicon Steel
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Energy stored in the electric field

le =electric field length

Ag = area enclosing the electric field

v =volume enclosing the electric field
& = permittivity of material

E = electric field intensity

U =1j cE2y, E=Y
vol |e
Ue=| 278 |X_
le ) 2
c_fhe
Ie
. _CV°
€7
June 2017

Energy Relationships

Energy stored in the magnetic field

|y =magnetic field length

Am = area enclosing the magnetic field
v =volume enclosing the magnetic field
u = permeability of the material

H = magnetic field intensity

Um=1 ,UHZdV, = —
2 Jvol m
Um:
I ) 2
| H“Am
Im
gL’
m=
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4 Core Shapes

 U-U, U-I cores —
« E-E, E-I, ETD cores
- POT cores §
e RM cores cut C core
« PQ and PM cores — B '
« EP, EFD and ER cores
« Toroid

Pot cores )

wire ECore oy
2 INN|EIN
ool [/ Nleo|l.

L l—core cesiter post

oil cross section

June 2017 Section 9 - Magnetics 492



1< Material Characterization

Linear region H
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< Important Transformer Concepts

> m

B> I Saturation
S -

S

«—— lower permeability, shallower slope

high permeability, steeper slope

>H
H>V
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Material Comparison

Saturation
region

Nilicon
sheet steel

Cast iron

Afr

Section 9 - Magnetics
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Core Material Guidelines

Material Frequency Range B..: Cost
Ferrites .GOOd 0 02T Low
microwaves
MPP (Moly .
permalloy Powder) 200kHz 0.2t0055T High
Powdered Fe 1MHz 04t0l1T Low
Laminated Si-Fe 2kHz 1T Low
Laminated
. 2kHz 05t018T Low
Electrical Steel
Ni-Fe Alloys 100kHz 05t018T High

June 2017
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|4 Transformer Concepts

Effect of permeability magnitude on Effect of permeability nonlinearity on
transformer operation transformer operation

H(1)
Output
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< Relationship Between v(t) and B(t)

V(t) :—dq;t(t)ZVmaXcOSZﬂ'ft ¢
i K
v(t) V cos2rft |
Vt(t) = N = maXN P : leakage
p p |
vi(t) = volts per primary winding turn — I
1
4
o(t) :—J.vt(t)dt:IB(t)-dAC
S
Ac = core crossectional area
IB(t)od Ac :—J'vt(t)dt:—jvmaxcosz”“ dt
Np v(t)
S
B(t)AC :Vmax Sln27rf'[
2zt Np &), B(t)
B(t) :Vmaxsanﬂ'ft

Bmax occurs whensin2z ft=1and Viyax = \/EVrms

_ V2 Vims __ Vims

Bmax
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€ Transformer Design — Ensure Sufficient Core Crossection

B _ Vrms
max - -8

4.44> f* A,* N, *10

where

Bnax = Maximum allowable fluxdensity in gauss

Vins = Voltage applied to the primary in volts
J2

444 = o converts peak AC to rms and wto f(Hz)

T

f = frequency of theapplied voltage in hertz

A — Corecrossectional area in cm?

N, = Number of primary winding turns

107® = conversion from engineering to Sl units

Example for a 480V, 600kVA, laminated electrical steel core
480V * 1.05( voltage safety factor )

B —
4.44* 60Hz* 300cm? * 60turns* 102

max

=10,510 gauss

For square wave or rectangular wave excitation

rCurves

oo B(gauss)
75000

10000

B0

B _ Vpeak
max - * * * -8
2r* f*A.*N D 10
Vpeak = peak applied voltage
June 2017 Section 9 - Magnetics
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< Transformer Design Issues

« Four quadrant B-H curves are known
as hysteresis curves. Note that the
curve is open in the middle. This is a
consequence  of the  magnetic
microstructure.

« Remanence is defined as the absolute

value of the magnetic field when the

applied voltage is removed. The
remnant field can cause inrush current
problems when the transformer is
re-energized

« Coercive Force - The amount of
reverse magnetic field which must be
applied to a magnetic material to make
the magnetic flux return to zero.

June 2017 Section 9 - Magnetics

500



4 Effect of Air Gap

L\

N4 N
\/ .z

/
P . Y .
7 77
I+ A
I
Inductor With An Air Gap
B-H Loop
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< Why We Use Air Gaps

« They are unavoidable in many cores

« In an inductor they permit increased energy storage for a given B by
reducing the effective permeability

 Air gaps also stabilize the inductance value for both bias and
manufacturing variations

 In general gaps are undesired in transformers but very useful in inductors

« An air gap may be discrete or distributed
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< Transformer Design Issues — Inrush Current
For the 480V, 600kVA transformer

10% % h* A % ((By +2% By ) —130)

imax - 32* N * AS 43
P

inax = Maximum instantaneous current in amperes Y /4
h =the length of the coil in inches=40 yor
A =the crossectional area of the core in sq inches=46.5 / > u
Bnax = Maximum flux density=10,500G=1.05T=68 kilolines per square%
B, =residual flux density in kilolines (Maxwells) per square inch

=60%of 1.05T, expressed as 41 kilolines per square inch

N, =number of primary turns=60
A =effective square inches of the air-core magnetic field=69.4
Example | 4= 600kVA =722A, the inrush current is
J3* 480V
: 103 * 40* 46.5* ((41+2*71) - 130
linrush = *(( - ) ) =6.56kA
3.2*60*69.4

This is about 9X the transformer full load (operating) current

Reduce the inrush current by increasing the number of primary turns and/or
Increasing the effective area of the air-core magnetic field
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1< Transformer Losses

There are always energy losses in transformers. These energy losses generate
heat in the form of core losses and winding losses. The losses are from the
following sources:

1. Hysteresis loss from sweeping of flux from positive to negative and the area
enclosed by the loop is the loss. Hysteresis loss is due to the energy used to
align and re-align the magnetic domains. The smaller the loop area, the
smaller the energy loss per cycle

2. Eddy current loss from the circulating currents within the cores due to flux —
generated voltages.

3. Copper or winding loss. This is also dependent on the wire size, switching
frequency, etc. Skin effect and proximity effect will contribute to this loss.
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Effect of Frequency on B-H Characteristics

Hysteresis increases as
frequency increases

Section 9 - Magnetics

DC

400
1000

3000
6000

505



< Demagnetization Or Degaussing

| /,;7/7 +
L,/ y Exciting "

voltage

Removing residual magnetism from a ferromagnetic circuit by
using decreasing excitation
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1< Skin Effect

« As the frequency of a given ac current in a conductor is increased, the
power dissipation increases

« We ascribe this to an increase in ac resistance of the conductor but in
actuality it is due to a rearrangement of the current distribution within the
conductor

« The increase in loss is due to a tendency for the current to concentrate on
the perimeter of the conductor rather than being uniform over the
conductor area as it would be at dc

« This effect becomes more severe as frequency is increased
o Thisis called “skin effect”

O = meters

1
Jr fuo

63% of the current is carried in this depth.
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Proximity Effect

A current carrying conductor will generate a magnetic field

This field can induce eddy currents in nearby conductors, increasing losses
in addition to any skin effect. The eddy currents obey Lenz’s Law. They
flow in a direction that reduces the flux in the conductor

This is referred to as “proximity effect”

In a transformer or inductor, the inner windings operate in a field created
by the outer windings

This can also limit the conductor size

As a general rule the wire diameter or the layer thickness is usually less
than twice the skin depth at the operating frequency. For multi-layer
windings wire diameters of less than 0.5 skin depth may be required.

Section 9 - Magnetics
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< Proximity Effect
Note Opposing Currents

\ /

Current Concentrates At One Side

’I‘ Proximity Effect - Multiple Parallel Wires
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1< Inductors

Purposes

 Used as filters for smoothing power supply ripple

 Used as fault current limiting reactors in AC power currents
 Used to limit di/dt in certain pulsed circuits

Requirements

» Must carry high DC current

» Must select core size that is able to store the required magnetic energy
(volt-seconds)

« An air gap is sometimes employed to extend DC current capability
without saturating. lron and Ferrites are manufactured with distributed
air gaps.
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< Basic Equation for An Inductor

_ Ho it N A
,urlg +1¢

where

N = the number of winding turns (dimensionless)

A. = the core cross sectional area in m?
|. = the length of the magnetic path in the core in m

|, = the effective length of the air gap in m

g
K, = core material permeability under the operating conditions (dimensionless)
Az*107"H

m

Mo =
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Section 10 - Controls
*Electric Circuit Theory

o Stability
— Zero Flux Current Transductors

— Shunt Resistors

» Feedback Loops

« Power Supply Controllers

June 2017 Section 10 - Controls
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< Electrical Circuit Theory — KCL and KVL

Kirchoff's current law - sum of all current into a node is 0
Kirchoff's voltage law - sum of all voltages around a loop is 0
Voltage-current relations across passive elements

V = R* | vopsd Lo

dt dt
di(t)
dt

Represent the current i(t) as a complex exponential

v(t)=Ri(t)+ L—= Real magnet with R and L components

i(t)=1le J® " then the equation for v becomes

Vel =RIe! 1 Ljwle!” =(R+ joL)le!”"

| e} is the eigenfunction

(R+ jowL) is the eigenvalue, which, is the impedance, Z (o)
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< Electrical Circuit Theory - Circuit Analysis Using Calculus

KVL — A(t)+Ri(t)+v (1)=0  Buti(t)=C dvait)
System equation
i) R
RCdVC(t)+vC(t):A(t) Let RC =7 —>AAN
Solution +
Ut Q@ € =S V.

Vo(t)=v, (0)e 7 +7 e TjA(u)eT du

] b
For the case when A is constant

t t
Vo(t)=|v,(0)e T +A(l-¢e 7)

This is now in the form of an initial value multiplied by
an eigenfunction and an input multiplied by the same eigenfunction
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< Electrical Circuit Theory - Circuit Analysis Using Transforms

Repeat the same problem using Laplace transforms

0% (1) [ )+ A)]
dt R
Transform both sides
1 1
C |:SVC (S) Ve (O)] - _EVC (S) + R A(S)
ESC +1Jvc () =Cvy(0)+=A(s)
R R
1 2'_1 -1
Ve (s) =———Vc (0) +———=A(s) let 7~ =«
S+7 S+7
For the case when A is constant
1 l «
— 0)+ A=
s+aVC( )+ SS+a
Take the inverse transform
Ve (t) =v. (0)e™ ™ + A(l-e ™)
—t —t
Ve (t) =v.(0)e” +A(L-e”)  Same result as on the previous page
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< Electrical Circuit Theory - Circuit Analysis Using Transforms

Take the inverse transform to obtain

_t _t
v, (t)=v,(0)e * +A£1—e T},as before

From the transform equation

1 !
v (S): " Ve (O)+

A(s)

S+t

we can immediately read off the system transfer function

Ve (S): T

A(s) s+7°

as the ratio of when the initial conditions are zero.

1

We also see that both the transfer function and the response
to the initial conditions have the same poles and therefore
similar frequency characteristics
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<4 Electrical Circuit Theory - One Pole Low-Pass Systems

« Dynamics are determined by the numerator and denominator of transfer
function

 The values of s for which the numerator or denominator vanishes are called
“zeroes” and “poles”, respectively

* One pole circuits all have the same shape response and depend only on the
time constant, 7=RC or L/R

« A one pole circuit rises to 63% or decays to 37% of its final value at t= 7

1

R=N

08

-1 07r
T
H ( S) — - 0B exponential decay
S 1 z_—l E 05 O decay after t=t i
EL step response
T ol U response aftert=t| |

-
(1]
T

-
u]
T

a1r

1 1 1 1 | 1 1 |
0 0.5 1 1.5 2 25 3 3.5 4 45 5
time {units of time canstant)
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< Electrical Circuit Theory - One Pole Low Pass Frequency Response

« Since we will analyze our systems primarily in the frequency domain, it is
Important to understand the properties of a one pole system as a function of

frequency.
« We can calculate the transfer function using algebra on the system
Impedances
1
: C
H(jo)= J©
1
R+——
JoC
jo+1
B 1
1+ jor
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< Electrical Circuit Theory - One Pole LP Frequency Response

Magnitude  |H (jo) - L
JL+(or)
‘H ( ja))‘dB = 20log,, ‘H (Ja))‘

=-10log,, |:1+(a)2')2:|

=0 for or<<l1
3 dB (half-power) point =-10log,, 2 for wr=1
20 dB per decade attenuation = —20log,, —20log,, = for wz >>1
Phase ZH (jo) = —arctan(wr)

=0 w7t <<1

=-45 wr=1

12

—90° wr>>1
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Magnitude (dB)

Phase (deg)

Electrical Circuit Theory - One Pole LP Frequency Response

Bode Diagram
T L t

Frequency (rad/sec)
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< Electrical Circuit Theory - Two Pole Low Pass Frequency Response

Rs L
Vo
+
Zs = Rg + jwL = R + sL R
‘wC
ZL= ]w 1
Ry
___sC
1
RL +E
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< Electrical Circuit Theory - Two Pole Systems
Find transfer function of voltage divider

R /jaC
H (jo) RL+1/ja)C_ _ _ R,
R+ joL+ R/JeC  -RILCw"+[(RRC+L)o+ (R +R)
R +1/ joC
1 1
_ let o° =1/LC
C o+ (R /L1URC)o+(L+R/R)(LLC) Y

2
W
—o° + j(Ry/L+YR C)o+(1+Rs /R ),
This has the form

a a
(S) 52+ajs+a S—§ JI\S—S
0 1 2

2 2
s GRTE Oh
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Electrical Circuit Theory - Two Pole Systems

Two pole circuits have two degrees of freedom. One degree sets the
system time scale. One degree sets the stability parameter

For a given time scale, the more stable the system, the slower its
response. Two pole systems can be separated into three categories

Over-damped system radical is positive, roots are real a,;?/a,> 4
— Both poles are real
— No oscillation in step response
Critically damped system radical is zero, roots are real a,?/a,=4
— Both poles are real and identical
— [Fastest step response with no oscillation
Under-damped system radical is negative, roots are complex a,?/a,<4
— Poles are complex conjugates of each other

— Step response is faster than the other two, but has overshoot

Section 10 - Controls
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|«

Amplitude

June 2017

Electrical Circuit Theory - Two Pole System Step Response

3%1 E (overdamped)
aEIIaD=EI

ailfan=4 (critically damped)
ailfan=2 (Lnderdamped)
ail.fan=1

& fa, =05

a‘IIaD=EI.25

10 15
Time (=ec)
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< Electrical Circuit Theory - Two Pole System Frequency Response

Bode Diagram

20: = 8 8 8 8 8 [ . t 8 8 8 8 8 [ .. t 8 8 8 8 8 8 (S t 8 8 8 8 8 L L Tk
0 — 7
———\
o) — ai/a0=16 (overdamped) 2\
S 20— /a8 7
S — a%/a0=4 (critically damped)
‘S ~ aj/a,=2 (underdamped)
g 40, a%/a =1 i
= 50
a%/a0=0.5
. a1/a0=0.25
-60H —
80 Il Il Il Il Il FrrF F Il Il Il Il Il FFrF F Il Il Il Il Il Il FF F Il Il Il Il Il rr g
O= =—————unu; - ; ; -
\\\
sl N
-
(&)
)
o -90- -
0
<
e
Q \
-135 |- |
\\\ ——
—180 L' Il Il Il Il Il FrrF F Il Il Il Il Il FFrF F Il Il Il Il Il Il FF ”777”7:::77"7; ";; ;777; Il r I ™=
10” 10" 10° 10" 10°

Frequency (rad/sec)
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< Electrical Circuit Theory - Two Pole System Frequency Response

Summarizing
 Low and high frequency behavior is almost independent of a,
« At low frequencies the magnitude is constant and the phase approaches 0 ©

« At high frequencies the magnitude decreases 40 dB/decade (20 dB/pole)
and the Phase approaches -180 2 (-90 %pole)

* At @)y @, determines attenuation and phase slope

* Increased rise time and overshoot are the result of additional response
near ay

* A resonant circuit is a lossless (R¢ = 0 and R = o« In diagram) second
order circuit often encountered in pulsed-power systems. Real systems
have loss (and damping), but can be well approximated by resonant
circuits

1

27\ LC

« The resonant frequency is f =
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< Electrical Circuit Theory - Bode Plots

» Bode plots are a standard way to present properties of feedback systems
« Each pole

— Corresponds to a 6 dB/octave (20 dB/decade) roll-off in amplitude
above the pole

» Represent magnitude on log-log plot with a straight line that has a
6 dB/octave kink at the pole

— Corresponds to a 90 degree phase shift at high frequencies
0 angle shiftat f./10
* -45 degree shift at f,
* -90 degree shift at 10* f
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< Electrical Circuit Theory - Bode Plots

« Complex conjugate poles are slightly more complex
Far from the poles they have the same behavior as two real poles
« 12 dB/octave
180 degree phase shift

Near the pole frequency, their behavior depends on the damping factor of
the complex pole pair

« Similar rules exist for zeros
6 dB/octave increase in gain above zero

+45 degree phase shift at the zero
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< Electrical Circuit Theory - Feedback

« Purpose of a power supply is to provide stable power
« Use feedback circuits to

— Regulate a system, that is, keep the output fixed at a desired constant
value

— Control a system, that is, force the output to follow a variable control
Input
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4 Stability - Introduction

Vo Vit = T 1, ><> Vo=K Vet - BT 1)
+

3 Load
Z ;p VOZIOZ
3
3
1=V, /Z
T Tl o e
CARL F e - 4
N\
v
Vo = K(Vref _ﬂ TIO)
. _ | KIlZ
|oZ — K(Vre]c —p T[O) rearranging gives Vr:f ZACL — 1 S TK/Z

« Ac is called the closed loop gain

e FOrp TK/Z >>1 |_:i
LT
« Power amplifier and load characteristics (K, Z) relatively unimportant,
gain and stability dependent upon feedback loop f T
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Stability - Introduction

Vo Vit = T 1, ><> Vo=K Vet - BT 1)
+

Load
V=I1,Z

MV

v‘v‘v‘v‘

1,=V/Z

BT I Tl
J/2 {)

v
The feedback loop ensures the output always follows the input

|, = KIZ (Vref- BT 1,)

Vref Vref- ST 1, l,
Vref Vref— BT 1 4 1,4
Vref T Vref- BT 1,71 1,1

I,y vref- gTI, T 1, T

1, T Vref- BT 14 1,4

Section 10 - Controls
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4 Stability - Factors That Affect Power Supply Stability

Three Types of Stability
« Stability against oscillation

« Stability against short and long-term output voltage or current drift

» Stability (Regulation) against rapid, short changes in line voltage or
load characteristics
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< Stability Against Oscillation

Vo Vit = T 1, ><> Vo=K Vet - BT 1)
+

2 | Load
Z 5 | VomloZ
:e
1,=V,/Z
AT, 2 le T, 4
g
v
lo _,__ KIZ
Vg = 1+B8TZ/K
1,(s) A(s) = K(s)/ Z(s)
Vet () L+ B(s)T(s)Z(s)/ K(s)

All the elements of the transfer function, gain, or in this case, the transconductance,
are all functions of frequency s=jow=j2z f
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< Stability Against Oscillation

Vot Vit =B T 1, ><>
+

Z 3

BT I, Tl Y

g \l

1,(s) _ACs)— K(s)/Z(s) v
Vit (8) 1+ B(s)T(s)K(s)/Z(s)

VOZK(Vref = ﬂT Io)

Load
V=I1,Z

1,=V/Z

Very simply : 1+p(s) T(s)K(s)/Z(s) must not = 0 or approach 0 (avoid singularity)
B(s) T(s) K(s)/ Z(s) must not = -1 in order to avoid oscillations

1813 71V K (e 1121670 =1 g || | K ||1/2) /@ P HE0)

| BT Z ||1/K|#1 when

June 2017
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Gain in dB

-16-

607
56

46—
30—
20—
16+

Stability Against Oscillation

e Ideal = -20dB / decade (single pole response)

11

Ideal

-90°

45° p

A

hase margin

y

-80°
-100°
-120°
-140°

-160°
-180°

« For stability, the phase shift must be < 180 © when the |gain| =1

« For stability, the [gain| must be < 1 when the phase shift is 180 ©

Section 10 - Controls
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< Factors Affecting Power Supply Drift Stability

Vref Vref_ﬁ T Io ( :: : Vo:K(Vref 'ﬂT Io)
+

Load
Vo=I1,Z

\AAJ

<
<
<

Z
<
<

BT 1 Tl
JZ 2 W {)

v

1,=V,/Z

Short-Term (24 hour) Stability - essentially stability against cyclic or
diurnal temperature changes.

| K/Z

v el =1

ref +pTK/Z

: | 1

Sincep TK/Z>> 1, = A =—— K is unimportant,
Viet pT

stability primarily dependent on transductor T, feedback factor g, and upon V.« stability
In most instances Vref and the error amplifier are temperature stabilized
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Factors Affecting Short-Term (24 hour) Power Supply Drift Stability

» The diurnal temperature cycle can be as much as 40 °F (22 °C). This
globally affects the internal parts as well as the external setpoint

« All parts (resistors, capacitors, semiconductors, op-amps, etc) are
temperature dependent.

* The load Is also temperature dependent and is subject to the same
diurnal changes

 The input line voltage will change during the course of the day as more
premises load is consumed or shed

Section 10 - Controls
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< Ensuring Short-Term Drift Stability

General

» Use low-temperature coefficient parts or balance (+) coefficient parts with
(-) coefficient parts

« Enclose the power supply in a controlled environment where temperature
change is held to a minimum

« 10 to 50 ppm attainable w/o temperature control (5 to 10 ppm) with
temperature control

For the read-back signal, use:

* Precision, low-temperature coefficient current transductors (0.3 ppm / ©C)
with metal film burden resistor (0.9 ppm / ©C) =1.2 ppm / °C

* Precision, low-temperature coefficient resistors for current shunt or voltage
read-back (10 ppm / ©C)
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4 Stability - Zero Flux Current Transductors

LEM (was Danfysik)
Model 866

0-+#600A

#£400 mA out
0.3ppm/©C

DC - 100 kHz

10 KA/ mS

Separate burden resistor

LEM (was Danfysok) Model
860 Series

0- #1000 A, £2000 A, #3000
A

#10 V out

0.3ppm/°C

DC - 100 kHz

10 KA/ mS
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4 Stability - Isotek Model A-H, Manganin < 10 ppm/ ©C Shunt Resistor

http://www.isotekcorp.com
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< Factors That Affect Long-Term Stability

Long-Term Stability

« All parts are subject to aging.

» Resistors increase or decrease in value

 Capacitor dielectrics breakdown

 Capacitor electrolytes dry out or evaporate and leak
« Semiconductor bias points change

« Op-amp scale, linearity, monotonicity, gain and offsets change with
time
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< Factors That Affect Long-Term Stability

Stability Enhancement

» Accelerate initial aging components prior to intended use by baking at
elevated temperatures

» Accelerate aging by exposure to electron beam
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< Factors that Affect Transient Stability (Regulation)

 Two types of Regulation — Load and Line

« Classic definition of Load Regulation ( 0% is best)

%vR:VNL ~VEL x 100% %lg = I =T 0004

Vi, =

» Classic definition employing V\, is usually not applicable. A limited
version uses “decreased load or increased load” instead of a no-load
condition

VDL _VFL*lOO% %IR: IDL_IFL*lOO%

Ve, =

« In addition, the recovery time for the power supply output voltage or current
to return the original condition is also specified

“The power supply shall have a voltage regulation of 0.5% for load
changes of = 5% from nominal with voltage recovery in <2 milliseconds”
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< Factors that Affect Stability (Regulation) Against Transient Effects

« Line Regulation — Definition (HL= output voltage under high line, NL=
output voltage under nominal line, LL = output voltage under low line)

%Vy =VH</_VNL *100% % g = 'HLI_ N+ 10006
NL NL

%Vy =VN</_VLL *100% % g = 'NLI_ L1000
NL NL

* In addition, the recovery time for the power supply output voltage or current

to return the original condition is also specified

“The power supply shall have a voltage/current regulation of 0.5% for line

changes of + 5% from nominal with voltage/current recovery in <2 mS”

June 2017 Section 10 - Controls

544



June 2017

Factors that Affect Stability (Regulation) Against Transient Effects

The ability of a power supply to respond to a transient condition depends
upon the speed, depth and duration of the transient. The transient can be
mitigated by the use of:

« Large filter capacitors and inductors in the input and output filters to
maintain the input and output load voltage and current against line
voltage changes and load changes..

« Employ fast regulating circuits. Regulating speed should be at least as fast
as the fastest expected transient.

Section 10 - Controls

545



June 2017

PID Loops - Proportional Control

Earliest controllers proportional only
Proportional control consists of just a gain

It has good response to instantaneous changes in the process or other cause
of error

Control effort is the product of the error and a finite gain Kp
Eventually effort is too small to reduce error to zero
There is always an error - it can never be eliminated

Proportional
control Process
Y(s)

X(s) E(s)

>

> Kp »  G(9)

Z(s)

T(s) [«
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€ PID Loops - Integral Control

 Integral control consists of a pure integrator

« The control effort is now je(t )dt

« Eliminates DC errors

« Limits high frequency response

« Introduces a phase delay that can cause sluggishness or oscillation

Integral
control Process
SOV =0 BN R > G LUOEN
+
Z(s)
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€ PID Loops - Derivative Control

» Responds to the change of the error signal
 Control effort increases with frequency of error signal s K
« Useful either to cancel a pole or to predict periodic behavior

« Can emphasize high frequency noise

Derivative
control Process
X(s E(s Y
(5) > ) >  sKy »  G(s) (s) >
+
Z(s)

T(s) <
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< PID Loops - Summary

« PID stands for Proportional, Integral, and Derivative control

« Standard, general purpose classical control element

+ Ky general cancelling of error signals

K, eliminates DC error

« Ky provides nimble circuit for fast changes in the error signal or process

Process
+
X(s) 5 E(s) oK /s &) Y(s) o
+
i _T+
—> s Ky
T(s) [«
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< Feedback and Stability Summary

« The transfer function is the relation between the input, X, and the output, y
« By increasing feedback gain, y more closely approaches the desired output

« The efficiency of feedback for a dynamic (time-varying) system involves not
only the gains, but also the speed of the system response. Some common
terms that characterize the dynamics are

— Bandwidth is the frequency range over which the feedback achieves
(close) to its nominal gain (3 dB point)

— DC Response is a measure of how closely the system tracks a constant
input. Improve the DC Response by increasing the loop gain

— Step Response is the action of the system in response to an input step

— Settling Time is how long it takes to settle to within a certain fraction of
Its final value

— Overshoot is any ringing occurs as the system achieves its final value

— Ramp response is a measure of how well the system follows an input ramp
command
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< Power Supply Controllers

Purposes
» Sets the output voltage or current to a desired value

 Regulates the output voltage or current to the desired value in the presence
of line, load and temperature changes

« Monitors load and power supply actual versus desired performance

Output Filter

5
o - - Magnet
S > Rectifier »  Regulator R Logad
Q A
< O—
A ®
(@)]
g
= —
= S
|-
o —_
< vV < -
3 S Computer Ref Local ©
g 8 E Interface Vo Controller
Z »i
o )
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€ Power Supply Controllers - Voltage Mode Control

S <Y Y Y
Q1 \_/ L
YW W 4h ] §
~ = | Vin A D = Vo
A4 4 g §
V
Ramp
amp Jane N | it Ve
Generator >_ Lo Lo b Lo
Vier . SRR

+
é{ +\ Comparator 0 4—:'

>— VError = VRef - VO VGE:Verror ) VRamp
‘e v

Error Amp

O)

% For afixed V g IV 5 Increases, V g o = Vrer - Vo decreases
accordingly. The pulse width will decrease to make V o = Vit

IfV 5 decreases, V o, INCreases accordingly. The pulse width

will increase to keep V o =V get
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€ Power Supply Controllers - Current Mode Control

S Y Y Y\
e Q1 A_ZQ L
A3 24 ™ Al § Vo
2 Ve N Vln ID Ve N
AX 2 g VGE §
VRef
Pulse J_LLL

Oscillator

Sense

_ \
VError - VRef ) VO VError ) VSense \ i
v ] VError

Sense

V_ Veror = Vret — Vo A Pulse Oscillator switches Q1 on with every pulse.
© L current is converted to a voltage by a sense resistor. The L current
builds up to the threshold set by the error voltage which then turns off

Q1 in order to keep the output voltage or current constant.
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Power Supply Controllers - Current Mode Control
v J_ or /_Q,_f:fW\_

F W W Y I Vo

— =~ | Vi AD

AY
/1

AX A GE

Pulse

Oscillator

_ \ s
VError - VRef - VO VError - VSense \ 5:
VSense B VError ‘L
Pulse Oscillator
O 1 1 1 1 : Set
| | | | VError
Vsense
O ] ] ] ]
+ f f f
C_) i i i i VError B VSense
+ ! ! ! ) —
0 — i i | Vsense = Verror =
- — ; ; ; Reset
+ 1 1 1 1
=V
0 Q=Vge
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< Power Supply Controllers
Summary

* Typically 2 control loops — voltage and current
 The outer loop defines the source type — voltage or current stabilized

 The outer loop has lower BW and corrects for drift due to slow temperature
changes and aging effects

 The inner loop has higher BW and compensates for fast transients, AC line

changes
J Output Filter
= . 1 Magnet
£ ——>» Rectifier ——>» Regulator ~ L oad
Q
< O

|

Voltage

Current

S X vV <«
S5 o Computer Ref Local

Q2 «—> «——>

€5 Interface \V} Controller
82 ° «
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I« Power Supply Controllers - Automatic Voltage — Current Mode Crossover

Power Vo (Volts) lo (Amps)

Off

88.8/ 96.5

Control Power Q Q

O Voltage Current
Source Source

@ Power Supply On /\ /_\V

‘ Push to Test LEDs Output Voltage Output Current

Full CW - Current Source Full CW - Voltage Source

June 2017

Power Supply Front Panel

Section 10 - Controls
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14 Power Supply Controllers - Automatic Voltage/Current Crossover — Example 1

A( Range of g
Adjustable Current
_~
< o
,// <
-~ =
<) ~ SRS
(@) /’I <) >
C > o D
= L~ 3 S
g ~ @ 3
S S 2
Voltage Stabilized 2
L - — /./ Operatitg
CQW | ] ot ‘
RS CCW| «» |C\W
\/Oeh//
——
=
— >
Current

Constant Voltage Mode. The power supply will operate in this mode whenever
the current demanded by the load is less than that defined by the front panel
current control. The output voltage is set by the front panel voltage control. The
output current is set by the load resistance and the Vset.
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I4« Power Supply Controllers - Automatic Voltage/Current Crossover — Example 2

A( Range of q
Adjustable Current
- L~
A P ok
= v Jiad ;.% -
= ClCW pad 5 g
> O 2
©
= <
T
'// —
| )
AT D
S CGW <+ CW| [=
~ N
— D
] — Yy

Current
Constant Current Mode. The power supply will operate in this mode whenever

the voltage demanded by the load is less than that defined by the front panel
voltage control. The output current is set by the front panel current control. The
output voltage is set by the load resistance and the | set.

June 2017 Section 10 - Controls 558



< All-Analog Power Supply Controllers — Circa 1970s to 1980s

CAMAC Crate

Digital
Parallel
Links

PSI
Master

June 2017

Mixed Analog / Digital Controller Power Supply Current Transductors
+
Interlock
18 bit AN é
DAC
L 7
- < N
_ M
Ground Sense R $
Burden
Resistor l
< < I Sense and Aux Power
H >
22 bit pd
ADC | "\
MPS/ —
PS
Intrlks
559
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< All-Analog Power Supply Controllers — Circa 1970s to 1980s

Power Supply
AC Power, Cooling Water q
VREF
P = Q
ON Command o
> 5
Interlock RESET ) S| s
D System READY =2 7
c a =
= (@)
] < PS ON 2 § % Load
%N CAMAC | ¢ vouTt SE g
IoUT c o
= O
P IGround Z O
< Interlock STATUS

Each signal is digital, analog or discrete
Signals are carried by a parallel cable
(A total of 27 connections)

> hundred feet

i
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4«  Hybrid Analog/Digital Power Supply Controllers — Circa 1980s to Present

MultiBus Crate Current Power Supply Controllers Power Supply Current Transductors
—~ N
Programming N Klixon
19 bit N 2 Magnet
DAC
L 7
375 kb/sec 3
BitBus 1TSP cable 8044 _,yOUt Ignd . N
Master uP
Ground Sense R
] Burden f
22 bit Resistor -
ADC <]_{ | Sense and Aux Power
>
<I > | Sense and Aux Power
Int
Ref 5
MPS/
PS

Intriks
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4«  Hybrid Analog/Digital Power Supply Controllers — Circa 1980s to Present

[]

Workstation

June 2017

VME
Multibus

_ Power Supply
AC Power, Cooling Water
VREF
= ON Command
c o >
S Q Interlock RESET
5 g System READY | &
(72] [ -
Serial data link S s PS ON % L oad
1 TSP cable O 32 ¢ =
» < € VOUT =
Qg | &
Q = IOUT
2
= 2 IGround
o E <
Q8 Interlock STATUS
o <
Power supply and controller are close
Each signal is analog or discrete
<« 2hundred feet Signals are carried by one mult-pair
Cable (A total of 18 connections)
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< All Digital Power Supply Controllers — Circa the Future

EPICS I0OC Future Power Supply Controller Power Supply Current Transductors
+
—~ N
é N CW Interlock
FPGA | | Digiti
zed s
1-1000 Mb _ §
FieldBus sec P N
Master H
21 bit Burden Ground Sense R i
ADC Resistor =
A< I Sense and Aux Power
N 2
21 bit e
ADC [N
MPS/ :I
PS
Intrlks
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< All Digital Power Supply Controllers — Circa the Future

Power Supply
AC Power, Cooling Water | All digital controller/PWM
VREF
ON Command
Interlock RESET 4
>
System READY £
VME Serial data link o L oad
- VXI | 1TSPcable PSON g
=+~ EpICS VOUT 5
10C
IOUT
IGround
Interlock STATUS
2 hundred feet | Power supply and controller are integrated

All signals are digital
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Daisy - Chaining of Power Supply Controllers

Multibus/VME Crate Repeater
To _

supply contrallers

Controller Controller Controller Controller

Power Power Power Power

Supply Supply Supply Supply

T~ Repeater Shielded, twisted pair cable
Termination
resistor

; Controller Controller Controller Controller

Power Power Power Power

Supply Supply Supply Supply

Section 10 - Controls
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Controls Type

Characteristics

All analog controls

* Long, expensive multi-conductor cable

« Cables subject to noise pickup, ground loops,
losses in signal strength

« Installation rigid, difficult to modify

Hybrid analog/digital
controls

e PLCs, ADCs / DACs subject to noise pickup, ground
loops, must keep out of power supply
« Serial data cable can be daisy-chained

« Installation rigid, difficult to modify

All digital controls

* Integrated high level digital signals exhibit greater
Immunity to noise pickup, ground loops

« Serial data cable can be daisy-chained

* Installation flexible, control system can be modified in
software or firmware

» Will require novel implementation of interlocks,
voltage and current transductors

June 2017
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Some Communication Busses

Section 10 - Controls

Bus Single / Data
Type Differential | Protocol Rate Length | Connector Comments
-12 »>+12V ' i
RS232 - Serial 115kb/s 5m 25 /15/9pin In_e>_<pen5|ve
SE sub D wiring
BitBus 0-5V : : Inexpensive
IEEE 1118 | Differential serial 37okb/s 300m dpinsub D wiring
IEEE488 : Measurement
Parallel 8Mb/s 20m 24 pin .
GPIB Equipment
Optical/SE RJ8, RJ45
Ethernet _p ea _ Serial 1Gb/s - Move lots of data
Differential Optical packets
USB 2.0 Serial 12Mb/s 5m 4 pin USB Hot-swappable
Firewire 3.3V : 4 pin /6 pin
: . Serial 800MDb/s 46m _ Hot-swappable
IEEE1394 | Differential Optical
3.3V Diff/ 68 pin
SCSI : Parallel 1.28Gb/s 12m _
Optical 80 pin
eSATA Serial 3Gb/s Hot-swappable
June 2017
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Section 11 — Personnel and Equipment Safety

 NFPA 70E - Safety in the Workplace

— The Voltage Hazard
— Arc Flash
« NFPA 70 — National Electrical Code

e Interlocks

— Personnel Protection Systems (PPS)

— Load Protection Systems-Machine Protection Systems (MPS)

— Power Supply Protection

— Programmable Logic Controllers (PLC5s)
 Lockout/Tagout (LOTO)
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< NFPA 70E
NFPA 70E - 2004 - Standard for Electrical Safety in the Workplace

 Addresses employer and employee safety in the workplace
» Focus Is on procedures, personnel protective equipment

« Attempts to mitigate effects of three major electrical hazard types — shock, arc
flash and arc blast
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4 NFPA 70E - The Voltage Hazard
Electrical Shock Hazard Approach Boundaries

—

Any point on an exposed,
\ energized electrical conductor
H—+— or circuit part

T T‘ Restricted Approach Boundary

Restricted Space
Limited Space

Limited Approach Boundary

e

- Limited approach boundary is the distance from an exposed live part
within which a shock hazard exists

- Restricted approach boundary is the distance from an exposed live part
within which there is an increased risk of shock, due to electrical arc over
for personnel working in proximity to the live part

June 2017 Section 11 - Personnel and Equipment Safety
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NFPA 70E - Approach boundaries - deal with the voltage hazard

NFPA 70E

Less than 50 Not Specified Not Specified | Not Specified

50 to 150 10 ft 0 in. 3ft6in. Avoid Contact
151 to 750 10 ft 0 in. 3ft6in. 1ft0in.
751 to 15 kV 10 f£0 in. 5ft0in. 2ft2in.
15.1 kV to 36 kV 10 f£0 in. 6ft0in. 2 ft 7 in.
36.1 kV to 46 kV 10 f£0 in. 8ft0in. 2ft9in.
46.1 kV to 72.5 kV 10 ft0 in. 8ft0in. 3ft3in.
72.6 kV to 121 kV 10 ft 8 in. 8ft0in. 3ft4in.
138 kV to 145 kV 11 ft 0 in. 10 ft 0 in. 3ft10in.
161 kV to 169 kV 11 ft 8 in. 11 ft 8 in. 41ft3in.
230 kV to 242 kV 13ft0in. 13ft0in. 5ft8in.
345 kV to 362 kV 15ft 4 in. 15ft 4 in. 9ft2in.
500 kV to 550 kV 19ft 0 in. 19 ft 0 in. 11 f£ 10 in.
765 kV to 800 kV 23 ft9in. 23 ft9in. 15 ft 11 in.

June 2017
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< NFPA 70E
Mitigating Voltage Hazard - Rubber Electrical Insulating Gloves

« They are marked with the class appropriate for the voltage, and should be
subject to periodic electrical tests

» Leather protective gloves should be worn outside the rubber gloves to provide
protection from cuts, abrasions, or punctures

 Before each use, check for signs of damage or color change. Replace if
contamination or any physical damage is evident

 Gloves should be stored in a closed, dry container

b S S T Vem e
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< NFPA 70E - Mitigating The Voltage Hazard - Ground Hooks

The possibility of residual voltage on capacitors is high. Use one or more
ground stick to remove the voltage (stored energy)

-
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4 NFPA 70E - What is Arc Flash?

« Short circuit through air

« Caused when circuit insulation or
Isolation is compromised

A burn and explosion hazard, not an
electrocution hazard

« Temperature can greatly exceed 5000 F

e Instantaneous, almost too fast for the
eye to comprehend

 Arc flashes occur 5 — 10 times a day in
electric equipment in US alone.
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1< NFPA 70E - Possible Causes of Arc Flash

 Tool inserted or dropped into a breaker or service area
« Equipment cover removal causes a short

 Loose connections on bus work

 Improper bus work fabrication

e |nsulation breakdown due to environmental factors or
equipment aging

 Failure to ensure equipment is de-energized before work

« Primarily applications above 208 VAC
Injuries Associated with Arc Flash

 Third Degree Burns, Blindness, Hearing Loss, Nerve Damage, Cardiac
Arrest, Concussion, Death
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NFPA 70E - The Arc Flash Hazard
Electrical Shock Hazard Approach Boundaries

T vy

Any point on an exposed,
\\ | energized electrical conductor
++—— or circuit part

S —,'— Restricted Approach Boundary

Restricted Space
Limited Space

Limited Approach Boundary

« Arc flash hazard - a dangerous condition associated with the release of
electrical energy caused by an electrical arc. Typically due to the molten
plasma formed by the melting of conductors during an electrical short circuit

« Arc flash protection boundary - The distance form exposed live parts within
which a person could receive a second degree (curable) burn (1.2 cal/cm 2 =
5 Jicm 2)
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1< NFPA 70E - The Arc Flash Hazard

 An arc generates power that radiates out from a fault

Parc — Varc * Iarc
* The total energy is the product of the arc power and duration of the arc
_ *
Earc o I:)arc L

» The energy density decreases with distance from the arc

« An arc-flash hazard occurs when the energy density on the torso or face
exceeds 1.2 cal/cm?, the energy density at which a second degree burn
occurs. Note: This is comparable to holding the flame from a cigarette
lighter on your skin for 1 second

 Flash protection boundaries and energies are calculated using NFPA 70E
[example Table 130.7(C)(9)(a)] and IEEE1584

» The calculations entail knowing the voltage class of the equipment, some
details about its manufacture, the available short circuit and the opening
times of the protective circuit breaker(s)
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NFPA 70E - Hazard/Risk Category

The hazard/risk category is determined by selecting the row for which

E.in <E< E, ., at the working distance.
Emin Emax
(cal/cm?) (cal/cm?) Hazard/Risk Category
1.2 4 1
8 2
8 25 3
25 40 4

The appropriate Personal Protective Equipment (PPE) required is then
determined from Table 130.7(C)(10) and Table 130.7(C)(11) of NFPA 70E

Section 11 - Personnel and Equipment Safety
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< NFPA 70E — Mitigation of Arc Flash

« Decrease available energy by using smaller upstream transformer (lower
short circuit current)

» Decrease clearing time
— Size breaker trip units more aggressively

— Choose breakers for instantaneous trip times (smaller frame sizes
generally trip faster than larger frame sizes)

— Choose breakers with adjustable trip units including adjustments for
Instantaneous trips

« Protective devices upstream of transformers need to allow “inrush” current
when transformer is energized. Using only upstream sensors, it is difficult to
be as aggressive as desirable for arc-flash protection downstream of
transformer. Add overcurrent devices on transformer secondary
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< NFPA 70E — Mitigation of Arc Flash

« Insert fast acting breakers or fuses In separate enclosures between the
transformer and the equipment that needs to be operated. In general, separate
the enclosures contain arc-flash generated in that enclosure

e Increase distance between worker and source of arc-flash
— Use remote controls to operate high arc-flash hazard devices

— Use extension handles on breakers to increase working distance of
operation

— Install meters to use for verification that system is de-energized if work is
required on system

— Install IR view-ports on panels that need to be monitored for over-
temperature

 Install protective devices that sense arcs and not just overcurrent
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NFPA 70E - More Information

More information

June 2017

http://ieeexplore.ieee.orqg/serviet/opac?punumber=8088

NFPA 70E 2015 Edition

http://www.mt-online.com/articles/0204arcflash.cfm

http://www.eaton.com/ecm/idcplg?ldcService=GET FILE&dID=12075

http://www.eaton.com/ecm/idcplg?ldcService=GET FILE&dID=118182

http://ecatalog.squared.com/pubs/Circuit%20Protection/0100DB0402.pdf
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1< NFPA 70 - National Electrical Code

National Electrical Code NFPA 70
« Deals with hardware design, inspection and installation

* Most Articles do not pertain directly to power systems, but some examples
that do are:

1. Sizing of raceways and conduits to carry power and control cables.
2. Sizing of power cables for ampacity.

3. Discharge of stored energy in capacitors
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< NFPA 70 - National Electrical Code
Example of cable ampacity sizing

A power supply provides 375A to a magnet via cables. The ambient temperature is
45C (104F), maximum and the cables are installed in cable tray. The cable tray fill
conforms to the requirements of NEC Article 392.

Use NEC Table 310-15(B)(17) for single conductor cables in free air at 30C. The derating
for the 45C ambient is 0.87. The derating for the single copper conductor with 90C insulation
and 600V rating in a cable tray is 0.65 if placed touching other cables in the cable tray.

The required amapcity is

||:)-S __375A _ 663A
deratings 0.87 * 0.65

From Table 310-15(B)(17) the basic amapcity of 500kcmil cable is 700A > 663A.

Ampacity=

Use two 1/C500kcmil cables to connect the PS to the magnet
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1< NFPA 70 - National Electrical Code

Example of capacitor bleeder resistor sizing per NEC Article 460. Code
requires permanent fixed energy discharge devices on capacitors operating at
> 50V working voltage

» <600V, discharge to 50 V or less in 1 minute
« > 600V, discharge to 50 V or less in 5 minutes
» Redundant bleeder resistors recommended

V; = 500V
Vf:5OV ;t
t=60 sec Vf :Vi eRC
C= 5004F R _ —t _ —60™* sec
L §R§ CIn(V;/V;) 500uF In(50V / 500V )
an R =50 kohm
2 2
V.
pry = V1 _(500v ) _ o\
R 50k.2

Use two 5W, 100k 2 resistors in parallel
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1< Interlocks

3 Types
 Personnel Protection System (PPS)
« Load Protection - Machine or Magnet Protection System (MPS)

» Power Supply Protection — Power Supply Internal Interlocks
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< Interlocks - Personnel Protection System (PPS)

Personnel Protection System (PPS) at SLAC
* Protection from hazards external to power supply (example accelerator
housing door opened)

 Hazards are defined as voltages > 50 V, currents > 5m A, energy
storage > 10 J.

» Must be hardwired (recently SLAC introduced PLC-based PPS)
« Two (2) PPS permissives are needed for power supply turn-on
 Two (2) separate and different read-backs are required
 Permissives and read-backs are usually 24 VDC systems
 Permissives and read-backs must be fail-safe

« If PPS is not practical, then energized equipment must be enclosed or
live terminals covered
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Interlocks - PPS Example

ON
Command #1
O [o,

+

External  contactor
24 VDC Permissive #1

M

Red = PPS circuitry

120 Yy Y Y Y\
VAC N\
! A AA ‘{ ‘{ A A
']
480 H 1 L v
o 2 I T 33
N -
. AKX 9
— 3 H
A1
I Open =
External Contactor ON _
24VDC c(Closed Command #2 i [ Open = Gates Triggered
i i ] Gates
External  permissive | Gate . ~
i 24 VDC #9 Triggers Trigger Status Voltage =
Contactor #2 i Read-back #2
Position = Externgl
Read-back #1 24 \VDC
#2
Many variations of this example
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< Machine Protection Systems (MPS)
Machine (or magnet) protection systems protect loads from damage.

Magnet Cooling Water Temperature / Flow Sensors

« Usually employ a simple normally closed (NC) contact that opens when a pre-
determined temperature has been reached.

« Water flow monitoring switches open when flow drops below a pre-established
safe value

» Temperature / Flow switches are wired to the source power supply. If the water
temperature is too high or if the flow drops the contacts open and turn the power
supply off

Vacuum Interlock System
» Sensors are similar to that described in the magnet cooling water system

Orbit Interlock System

« Sensors consist of Beam Position Monitors and switches. Function is essentially
the same in the magnet cooling water system
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< Water Temperature Sensors

» Thermal switches - Klixons (a trade name) are  NC contact bimetal
switches mounted on the load cooling water outlet line. Their contacts
open when temperature exceeds a pre-established safe value

« Multiple-winding, multiple water path magnets employ simple series
connected Klixons.

« Klixons are wired to the source power supply. If the load overheats, the
contacts open and turn off the power supply

Inlet water

Outlet water temperature monitored
via Klixon switch
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< Machine Protection Systems (MPS)

Klixon switches
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< Machine Protection Systems (MPS)

Ground Fault Detection / Protection Systems

» Loads are usually located in crowded, dense areas with a multitude of other
equipment. This makes them vulnerable to ground faults

« Power supplies are usually isolated from ground so that a single ground
fault does not cause load-catastrophic ground fault current. Fix first fault
before the second fault occurs

M s R e
%Q] ]

Vo impressed across 100 o 100 o
To PS interlock / trip circuit

\

AAA
—
Yy

Load

+
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4 Ground Fault Detection / Protection Systems

L1 + L2 | +
5% R1 _“6’] _“5} r S RZ%
A [ e ] | kb 1
-
5% _| _|K|} x %

Difference
currentsentto @
PS interlocks
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Some Internal Interlocks

Internal interlocks protect the power supply itself

Low input supply voltage

Phase loss detection

Output DC over-current

Low frequency filter inductor temperature

Heat-sink temperature or heat-sink cooling water flow
IGBT temperature

IGBT over-current

Ground Fault current

Output over-voltage

Cabinet or chassis over-temperature

Section 11 - Personnel and Equipment Safety
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4 Example of a PLC and its Use

Manufacturers are many
*Allen-Bradley

*Rockwell International (AB)
« Siemens

» General Electric

* IDEC

Programming logic

« Ladder logic

« C language

 LabView

 Functional block diagrams

e Structured text
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http://www.hitachi-ds.com/en/product/plc/eh150/index.php

1< PLC Uses and Networks

Global Computer, EPICS
10C, workstation, etc

Another PLC

Interlocks, OV, OC,
temperature, etc

120VAC

-

Touchpanel
Thermocouple or
Voltage divider, etc
Communication Auxiliary
CPU Analog I/O | Digital 1/0 Power
Module
Supply

Power supply setpoint Power supply shutdown

June 2017 Section 11 - Personnel and Equipment Safety
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Ladder Logic

PLC execution model

Inputs
Read into PLC memory

|

F>

Source: Control Engineering and National Instruments

Execute ladder rungs
121 Q32 i
I ()
11 N
11.4
/1
Tankl_ll.ow_... Tank_High... Stop_Pump  Pump
In 1
11 /1 |/l_—(
Pump /
] L
B
Alarm_High Red_Light
11 7
B 1 N
Door_1 Alarm_High Yellow_Light...
Il 1/1 ()
) /1 \/
Set_Locked Motor Pump Alarm_High Green_Light
=1 72
Operator _|...
]l 1
1l
Alarm_Button... Master_Re... Alarm_High
Il ! /1 ()
| ) i \7/
Master_Ala...
IR Outputs

Written from PLC memory

Ladder diagrams evolved in the
1960s when the automobile industry
needed a more flexible and self-
documenting alternative to relay and
timing cabinets. A microprocessor
was added and software designed to
mimic the relay panels.

Left rail is the “power bus”. The
right rail i1s the “ground bus”.
Power flows through NO or NC
contacts to power coils.

Each contact and coil is linked to a
Boolean memory location.

- Series contacts look like “AND” and
- parallel contacts look like “OR ™

Execution is left to right and top to

. bottom

Section 11 - Personhel and Equipment Safety
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R
PLC execution model

Inputs

Written from PLC memory

Source: Control Engineering and National Instruments

> Read into PLC memory
Execute ladder rungs
121 Q3.2
1 ()
110 \/
11.4
m
Tankl_ll.ow_.. Tank_High... Stop_Pump  Pump
| {
Pum '
] Ip /
11
Alarm_High Red_Light
] L 7 i 8
11 \7
Door_1 Alarm_High Yellow_Light...
11 1/ ()
1.1 —i/ \ 7
Set_Locked Motor Pump Alarm_High Green_Light
|
B me =l ©
Operator_|...
] L
i
Alarm_Button... Master_Re... Alarm_High
Ipl 1/1 X
T T \/
Master_Ala...
11
11
e Outputs

Ladder Logic
Most widely used to program PLCs

Strengths

* Intuitive — can be learned very quickly by
with little or no software training

« Excellent debugging tools, include animation
showing live “power flow”. This makes the
logic easy to understand and debug

- Efficient representation for discrete logic
. Weaknesses
- Hierarchical data and logic flow.

.+ Poor data structure. Rungs are executed in a
. left-to-right, top-to-bottom order. Timing is
' limited by the PLC processor speed

. Limited execution control

s Arithmetic operations are limited
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Programmable Logic Controllers

PLCs implement specific functions such as:

1/O control

Timing

Report generation

Arithmetic

Logic

Communication

Data file manipulation

Counting

PLC Versus Programmable Automation Controllers (PAC)

Consider a PAC upgrade if your application requires:

« advanced control algorithms

« extensive database manipulation

« HMI functionality in one platform

* Integrated custom control routines

« complex process simulation

« very fast CPU processing

« memory requirements that exceed PLC specifications

June 2017

Section 11 - Personnel and Equipment Safety

598



< Lockout/ Tagout (LOTO)

Lock & Tag for Personnel Safety During Maintenance
» Procedures and requirements for servicing and maintaining machines and
equipment

* Provision for locking off source power, the discharge of stored energy prior and
the total de-energization of equipment before working on exposed electrical
circuits or other hazardous equipment in which unexpected energization, startup
or release of energy could cause injury to personnel

Required by
 Occupational Safety and Health Administration (OSHA) under 29CFR1910.147

Applicability

« For working on exposed electrical circuits that would expose personnel to any
electrical hazard operating at > 50 V, >50A, >10J. All types of equipment
containing electrical, mechanical, hydraulic, pneumatic, chemical and/or thermal
active or stored energy
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< Lockout — Tagout (LOTO)

Items Locked Out (Off) — Tagged Out (Off)
The power source or power device

Application by
Authorized employee trained in LOTO and qualified to lock-off the equipment

Interlocks As LOTO
Interlocks are not used as a substitute for lock and tag

For Locking and Tagging

» Padlocks, usually red-colored for personal use. Yellow-colored for
administrative lock-out

* Tags
« Specialty locks (Kirk-Key Locks) for complex systems

« Master lock boxes
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Section 12 - Reliability, Availability and Maintainability

June 2017

Definition and Importance

PDF, CDF, MTBF, Exponential Distribution

Reliability, Series, Parallel, and General Systems

Glossary of Terms

Calculation Standards

Calculations - Power Supply/Power System

Improvements by Oversizing and Redundancy - Examples

Fault Modes And Effects Criticality Analysis (FMECA)

The Reliability Process

Maintainability - Cold-Swap, Warm-Swap and Hot-swap
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< Reliability and Availability Definitions

Reliability
According to IEEE Standard 90, reliability is the ability of a system or

component to perform its required functions under stated conditions for a
specified period of time

Availability

The degree to which a system, subsystem, or equipment is operable and in a
committable state during a mission (accelerator operation).

The ratio of the time a unit is functional during a given interval to the
length of the interval.
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< Reliability and Availability Importance

Importance

Reliability is important because accelerators are expected to perform like
Industrial factories; i.e., to be on-line at all times. In particular, accelerator
power supplies are expected to be available when needed, day after day, year
after year. Reliability must be considered when subsystems are complex
(contain large part count) or when a system is composed of a large number of
subsystems or the accelerator simply will not function.

Failures lead to annoyance, inconvenience and a lasting user dissatisfaction
that can play havoc with the accelerators reputation. Frequent failure
occurrences can have a devastating effect on project performance and funding.
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< PDF, CDF and MTBF

In this section we attempt to estimate the lifetime of complex systems. Each component of these
systems will fail at a random time . Knowing the failure rates of the components, we use probability
theory to estimate the system lifetime (probability of success)

We begin by introducing the non-negative probability density funtion (PDF), f(t). We then define a cumulative
distribution function (CDF), F(t)which has specific properties

 There is no probability that the component has failed before being built, so F(-o0 )=0

o It is certain that at some point in time the component will fail, so with F(tynormalized, F(x)=1

e F(t) is an increasing function of t.

e Lastly0 < F(t)<1

t t
The CDFcan be expressed in terms of the PDF, F(t) = j f(t) dt or more typically F(t)zj f(t)dt
—o0 0
f(t) is normalized such that F(t) = I f(t)dt=1

o
The probability that the component (hence system) has failed between t; and t, isj f(t)dt=F(t,)-F(t)

ty

t
The average value of time that components of this type will fail is given by (t) = tj f(t) dt=MTBF = MTTF
0

where MTBF and MTTF are the mean time between failure or mean time to fail, respectively
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< Exponential Density (Distribution) Function

One probability density (distribution) function is the exponential distribution.

It accurately predicts the lifetime of a component with an exponential decay, e.g.,
the lifetime of radioactive particles. Although there are other distributions

that might be more appropriate, the exponential works reasonably well for a
large class of components and is easy to use.

f(t)= e~ where A= failure rate of the component (number of failures / time)

o0

jxe—“ dt =1
0

t
F(t) = j e Mdt=1-e M
0

At

where 1—-e ™" = probability of failure

lastly (t)=1/ A = MTBF= time (usually hours)
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< Reliability

We now define the reliability R (t) of the j th component as the probability that
the component is still functioning after a time t. We also define a

complementary function Q;(t) that gives the probility that the component has failed
Qi(t)= 1—eM and since probability of failure=1 - reliability we see that

R ()= e M = reliability (probability of success)
1
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4 Series Systems

A series system iIs such that all subsystems or elements must work in order for the
entire system to work. For such a system the total system reliability is the product
of the individual component reliabilities

Rr =R *R,*...* R, =11} R; = probability of system success

The probability of system failure is
Qr =1-Ry =1-117 R =1-117(1-Q;)

For a two component system Ry =R;* R,

and Qr =1-(1-Q; )(1-Q, )=0Q; +Q, —Q;*Q,
The probability of system failure is less than the sums of the probabilities for each
component because of the subtraction of the failure probability products
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< Parallel Systems

A parallel system is such that only one subsystem or element must work in
order for the entire system to work. For such a system it is easier to

calculate the total system reliability by first calculating the probability of
the total system failure, since all elements must fail in order for the entire

system to fail. Therefore

Ry =1-Q; =1-1I1 Q, =1-TI7(1-Ry)
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< General Systems
A general system will not be simply series or parallel. It might have some redundancy,

meaning that some, but not all, of the subsystems need to work for the entire system
to be functional. We break the system into individual components and examine every
possible combination of the states, working or failed. These combinations are all
mutually exclusive, so we just sum the probabilies of each functioning combination

to get the probability of system success.

Consider a parallel system of 3 identical units requiring 2 to work for a functioning system

There are 2" =8 mutually exclusive states to examine
Q¥ Q" Q3 QI Q" Ry, QFRy* Q3. Q*Ry™ Ry,
Ri*Q*Qz, Ri™Qy* Ry, Ri™R™ Q3. Ry™Ry™ Ry

Of these states the fourth, sixth, seventh and eighth describe a functing system. Therefore
the total system reliability is

Ri= Q*Ry* Ry +R*Qy* Ry + R * Ry, * Q3 + R * R, * Ry

Recognizing that Q, + R; =1

Ri= Q*R,* Ry +R*Q,* Ry + R * R, * Qg + R * Ry *(1-Qg )

Rr= Q" Ry* Ry + R Q" Ry +R ™R,
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4 General Systems (Continued)

The counting on the previous page gets complicated very quickly. Fortunately
the calculations can be expressed in a combinational formula which gives the

system reliability for m of n components connected in parallel
n

=2 oo (RO Q0

=M

For a system described by an exponential distribution

Rr= . ey (6K
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Failure rate is constant

Mission time

Glossary - Math Expressions

Probability Density Function (PDF)  f(t)=Ae 4t

Cumulative Density Function (CDF)  F(t)=1-e At

Reliability ( Success probability) R(t)=e At
Q0

Expected time to failure (MTBF) E(T)= jtf(t)dtz
—00

June 2017
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< Glossary - Math Expressions

N

Failure rate of N seriescritical A composite :Zﬂ, i (hr _1)

I=1
components

N N

Reliability of N seriescomponents Rt (t) = He_’l it H Rij(t) ( dimensionless)

i=1 i=1

N
Failure N seriescomponents Qr (1) :1—R-|-(t):1—H(1—Qi(t)) (dimensionless)
i=1
N
Reliability of N parallel components Rt (t) = 1—1_[(1— Rij(t)) (dimensionless)
i=1

The reliability of parallel connected m out of n components

N k n—k
Rsystem(t) = Z [ﬁ}(e_ﬂktj (1—6_’1“) (dimensionless )
k=m

Ak = constant = failure rate of individual component

k=index counter, m= minimum number of components needed for operation
n = total number of components in the system

Special cases occurs when m = n or when m=n=1

R(t) —e AL R(t)=e A1
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< Glossary - Math Expressions

MTBF of series critical components
MTBF of N series identical components

Mean time to repair or recover is

Availability is

Availabilty of series components

Availbilty of identical components

MTBF =1/ A

composite

MTBF

composite — MTBF; /'N
MTTR

_ MTBF
MTBF + MTTR

N
A composite — H A
i=1

A — AN

composite
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4 Glossary of Terms and Definitions
Availabilit Ratio of operating time to operating + downtime
y A=MTBF/(MTBF+MTTR). This is a dimensionless number
MTBF Mean time between failures in hours
The increased MTBF in hours that considers equipment operation
MTBF,
at lower than rated power levels
MTBFg MTBF with operation at ratings - in hours
MTTR The mean time to repair and recover beam in hours
R(D) Reliability or probability of success over the mission time
( Typically 9 months = 6600hours)
Ay Ao Ag Failure rates in hr-L. These are the reciprocals of the MTBFs
1/1 One full rated power supply. Rated power = delivered power
1/2 One out of two redundant power module configuration
213 Two out of three redundant power module configuration
3/4 Three out of four redundant power module configuration
4/5 Four out of five redundant power module configuration
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1< Homework Problem # 17

A. At least 1 of 4 parallel identical power supplies in an accelerator must continue

to operate for the system to be successful. Let R j =0.9. Find the probability of success.
B. Repeat for at least 2 out of 4 success

C. Repeat for at least 3 out of 4 success

D. Repeat for 4 out of 4 success

Solution:
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4 Glossary - Failure Rate Curve

‘ﬁ For electronic components or equipment
=1
Earlly failure pr infant  Weibull Distribution Wear-out failydre

rtality period Bathtub Curve

I Stable wear-out failure period
| (1 constant) R = et

time

« Infant mortality manufacturing defects, dirt, impurities. Infant mortality
reduced for customer by burn-in and stress-screening

« Stable wear-out statistics, manufacturing anomalies, out-of tolerance conditions

« Wear-out failure dry electrolytic capacitors, aged and cracked cable insulation
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Reliability Calculation Standards

MIL-HDBK-217F
(USA)

* Internationally used
« Parts count

 Parts stress

 Broad in scope

* Pessimistic

Telcordia (Bellcore)
(USA)

 National use

 Parts count

« Parts stress

» Narrow scope (telecommunications)
 Optimistic

CNET 93 * Limited to France
(France) « Parts count
* Parts stress
 Broad in scope
HRD5  Limited to UK
(UK) « Parts count

* Parts stress
 Broad in scope

Section 12 - Reliability and Availability
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1< Parts Count and Parts Stress

Parts Count

 Appropriate failure rate is assigned to each part in the subsystem (power
supply) that is mission critical

* Failure rates are functions of environment (Ground fixed /7 ;¢ /Ground
benign 77 ;g /Ground mobile, 77 ), ) and ambient temperature (/7 )

* The parts count method is simple and used early in system design when
detailed information is unknown

» Failure rates are summed and the following information is obtained

MTBF = R(t)=g ="'

N
> A
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1< Parts Count and Parts Stress

Parts Stress — Same as the Parts Count method, except it takes into account more
detailed information about the components and their operating stresses. The
detailed information is implemented via additional 77 reliability factors, such as:

11 5 = ground benign 0< [Tgp < o0
I7; = ambient temperature 0< [1;<
11 o = manufacturing quality 0 < 77yq <

11,5 = voltage stress factor 0</l, <

11,5 = current stress factor O</lls <
11 s = power stress factor 0</llpg <
A resultant=2 initial ~ L os * {11 " \q ™ [1yg ™ 11\ ™ [1pg
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| <
3 Phase A
Transformer  Fyses
| -
b 3lle
] x
36
—| D
Circuit Breaker/Contactor/Fuses
A A

June 2017

Example of Reliability Calculation — Power Supply

Output Choke

IGBT (1)
DC Fuse (2
00 gLt LACINNES g
Damping \ Z
Resistor (2) T
Diodes _ Gate
(6) Filter Driver
Capacitor | _
6 —— pwm | Do
N | A
—— | Logic
™
Damping
Capacitor
(6)
a1
Input Choke
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Capacitor (6)

620



< Example of Reliability Calculation — Power Supply

o Mission Total Rate
Component Description Qty A T X1 T mg Tvs 7s T ps

Loss A710°
Circuit Breaker/Contactor/Fuse 5 0.42 1.00 1.10 1.00 1.01 1.05 1.10 Yes 2.695
3 Phase Transformer 1 0.05 1.00 1.10 1.00 1.50 1.50 1.50 Yes 0.186
Input/Output Filter Choke 2 0.02 1.00 1.10 1.10 1.42 1.60 1.75 Yes 0.144
Secondary/DC Link Fuse 2 0.08 1.00 1.10 1.89 1.02 0.95 0.90 Yes 0.291
Main Filter Capacitor 8 0.23 1.00 1.12 1.50 1.25 1.25 1.05 Yes 5.057
Damping Capacitors/Resistor 15 0.02 1.00 1.10 1.00 1.00 1.00 1.00 No 0.000
IGBT/Diode 8 0.03 1.00 1.10 1.50 1.00 1.00 1.00 Yes 0.330
Heatsink Assembly 1 0.01 1.00 1.10 1.00 1.00 1.00 1.00 Yes 0.011
Gate Driver/PWM 2 0.50 1.00 1.10 1.00 1.10 1.10 1.15 Yes 1.524
Logic Board 1 3.50 1.00 1.10 1.00 1.00 1.00 1.00 Yes 3.850
Output Filter Capacitor 6 0.25 1.00 1.10 1.00 1.25 1.25 1.00 Yes 2.578
MTBF and Total Failure Rate 60,000 16.667
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1< Homework Problem # 18

Calculate the MTBF of a “typically commercial” 5 kKW, switchmode power supply with EMI filter
and appropriate electromechanical safety features amounting to 10% of the total number of
components. The power supply operates at 50C ambient temperature. The power supply consists of
the following components with the listed failure rates.:

« 2 each ICs, plastic linear, A = 3.64 failures per million hours each

« 1 each opto-isolator, A = 1.32 failures per million hours each

« 2 each hermetic sealed power switch transistors, A = 0.033 failures per million hours each
» 2 each plastic power transistors, A = 0.026 failures per million hours each

» 4 each plastic signal transistors, A = 0.0052 failures per million hours each

» 2 each hermetic sealed power diodes, A = 0.064 failures per million hours each

» 8 each plastic power diodes, A = 0.019 failures per million hours each

* 6 each hermetic sealed switch diodes, A = 0.0024 failures per million hours each

» 32 each composition resistors, A = 0.0032 failures per million hours each

« 3 each potentiometers, commercial, A = 0.3 failures per million hours each

« 8 each pulse type magnets, 130C rated, A = 0.044 failures per million hours each

» 12 each ceramic capacitors, commercial, 4 = 0.042 failures per million hours each
» 3 each film capacitors, commercial, A = 0.2 failures per million hours each

« 9 each Al electrolytics, commercial, 2 = 0.48 failures per million hours each
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Example of Reliability Calculation — Power System

vy

Global

Control |
LN

v v
Power Supply

Controller

! :

Power Supply

Transductors

-0
o

Power Cables
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Example of Reliability Calculation — Power System

DC Power
Cables

Feedback Monitor
PS Power
Controller supply [ ) Irans- Trans- |
ductor ductor
Single System Availabilty

Component MTBF Availability
PS Controller 110,000 0.9999818
Power Supply 60,000 0.9999667
Transductor 1 381,500 0.9999948
Transductor 2 381,500 0.9999948
Cables 14,000,000 0.9999999
System 32,184 0.9999379

[=6574 hrs/year MTTR=2 hrs components/systemj

Section 12 - Reliability and Availability
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< Reliability Software

Relex by Relex Software
See Reference Appendix for web link to this manufacturers products

RelCalc by T-Cubed

See Reference Appendix for web link to this manufacturers products
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Reliability/Availability Improvement By Redundancy

Power

Supply

PR:].PL
Po:1/2P|_
Po=1/2Pg

Power
Supply
PR:l/ZPL
Po:1/3p|_
Po:2/3PR

Power
Supply
PR:l/ZPL
Po:1/3p|_
Po:2/3PR

Power
Supply
PR:1/3P|_
Po:1/4p|_
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Power
Supply
PR:1/3P|_
Po:1/4p|_
Po:3/4PR

Power
Supply
PR:1/3P|_
Po:1/4P|_
Po:3/4PR

Supply
PR:1/3P|_
Po:1/4p|_
Po:3/4PR
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Reliability/Availability Improvement By Redundancy

Two types - Standby and Active

1. Standby - the redundant parts are off and only operate when
the first part fails. This requires more vigilance on the part of the
control system and is not covered here.

2. Active - the redundant part(s) are on, albeit operating at a
reduced power level until asked to assume increased or full load.
This is easier to implement than Standby redundancy and is the
more common method. We will examine this further

Section 12 - Reliability and Availability
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< Availability Improvement By Oversizing and Redundancy

The general, exponential form of the Binomial Distribution for m out of n parts is

L n! _at\K _at\"k
w03 i o (e

k=m

A= constant=failure rate

k=index counter

m= minimum number of power modules needed for operation
n = total number of power modules in the system

Special cases occurs when m = n or when m=n=1

R(t)=e "t R(t)=e*t
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< Availability Improvement By Oversizing and Redundancy

Binomial Expansion 2 out of 3 example

R2/3(t) Z ((n k)'k|)(e /lt) (1 e_/“)n “

k=m=2
k=2
3! e 21 )=3 g2t (1_gAt)

112!

. o ] S S F
3 cases, probability of success, probability of failure - 5| 3Cases
k=3 F S S
ie—sm(l_e—m 01 g3
013!

S S S 1 Case

1 case, probability of success, no failure

Ryj3(H)=3e4t — 2734

June 2017 Section 12 - Reliability and Availability 629



< Availability Improvement By Oversizing and Redundancy

Derivation

When A(t) is a function of time
General form R(t)=e *(')!

dR(t) __dA(L) (-2t _ gyt
dt dt

AA1) s << (1)

9%%L>4u»€“”the”“ﬁ=Ra)

A(t)= : dt) If 4 is a constant then the above reduces to A(t)=4

R(t)
T dR(t)
dt

MTBF(t)=
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< Availability Improvement By Oversizing and Redundancy
For the m out of n case, where m=n

n quantity of m rated power supplies. Each power supply operates at m rated P,
n

n
m
Po=—P
0] n R
Py n m : : . :
MTBF, = B MTBF;, =—MTBF; Ao =— Ag linear relationship is conservative
A m n

n k n—k - -
R om/n(t)= 3 ((n_nk!)lk'j(e—ﬂ,ot) (1_e—ﬂ,ot) _ne ™ot _ oot

k=m
—mA At —NAAL
0 0
ne —me
MTBF om/n(t) = —mt Nt
mnige O —mnige °
A (1) MTBFom,n(t)
om/n MTBF,,,,,(t)+MTTR
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Active Redundancy - One Full Rated Power Supply

For the case of 1 power supply with a power rating
equal to the required operational power

P, =P,

MTBF, = MTBF,

A R— A 0
R =e "0 =g R
Ao |\/|TB|:O MTBF,

" MTBF, + MTTR  MTBF, + MTTR

Section 12 - Reliability and Availability
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Active Redundancy - One Out of Two Case

For the m=1 out of n=2 case

2- full rated rated power supplies. Each power supply operates at %rated Ps

MTBF, = -& MTBF, =2 MTBF, 2o ="k

Fo

At 24t
R op/a(t)=2e "© —e °°

—A At 241
2e O _¢ 70

2ot 224t

MTBF o1/2(t) = =
220 " © —214e

MTBFg1/(t)
MTBFoy,,(t)+ MTTR

Ao1/2(1)=
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Active Redundancy - Two Out of Three Case

For the m=2 out of n=3 case

3-1/2 rated power supplies. Each power supply operates at 2/3 rated Py

R 3

MTBFo = -t MTBF; =~ MTBF; Ao == Ag

Fo

22 -3

R op/5(t) =3¢ 0 —2¢ 0"
—2A4 At —3AAt

3e 0 -2 ©

-2t —

610 O —61pe Aot

MTBF o,/3(t) =

MTBFqy,3(1)
MTBFo,a(t) + MTTR

Aozss(t)=
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< Active Redundancy - Three Out of Four Case

For the m=3 out of n=4 case
4-3/4 rated power supplies. Each power supply operates at 3/4 rated Py

MTBF, = R MTBF, = * MTBF, 1o=21,
P, 3 4

34t -4 A1
R03/4(t):4e o —36 o

—34 At
4e O _3¢

—3At —
12056 9 -122 e

425t

MTBF o3/4(t) =

40 At

@)

MTBFq3,4(1)
MTBFog, 4(t) + MTTR

Aoza(t)=
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< Active Redundancy - Four Out of Five Case

For the m=4 out of n=5 case
5-4/5 rated power supplies. Each power supply operates at 4/5 rated Py

MTBF, = R MTBF,, = > MTBF, lo=22,
P, 4 5

4ot Bagt
R oass(t)=5e ~° —de °

44 .t
5e O _4e

—4A,1 -
20Age 9 -201pe

5t

MTBF o4/5(t) =

Sy

@)

MTBFog/5(1)
MTBFoyo(t) + MTTR

Aosss(t)=
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4 Active Redundancy Power Supply Reliability Summary
PS Redundant Power Supplies
MTBF,
1FR /10 = j‘R R — e_iot MTBFO = MTBFR o= O
O MTBF, + MTTR
At 24t 2¢ 10! _¢ 270! MTBF,,(t)
1 a O o O — — — 01/2 t
12 Yo =~/ R oy/2= 26 e MTBF 61/, (1) 21 7 210 7 Pous(D) = TR, (1) + MTTR
2 A At Y
0" _ 0 MTBF,,, 5(t)
0 R 02/3 — - 02/3 — — MTBF,,,.(t)+MTTR
3 6ige 0 6 e 0 e
BAqt . —4Apt
3 3t 4 At 4e 9 3 O __ MTBRy.(t)
34 |4, =2 R 03/4 =4 0" _3¢ 70 MTBF;,,(t) = 3t y; AO3’4(t)_MTBF03,4(t)+MTTR
1225¢ O -123.e
—4 At 55t
4 e tfolgeo _ MTBFy,,s(t)
5 (o =5 4 S 18wl 20156 0" 20440 " Pousl ) =T (1)« MTTR
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Availability
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< Active Redundancy - Availability of 100 Power Systems

Configuration Availability

1 6500
—“H‘-.
H‘h‘h
0.9995
0.999 ~—_
A1001pPs() T
S, A10012ps* P ~——_
S A (t)
@ [ 10023PSTS ) gog
S
> A10034ps(V)
<
100 PS
1DC MTRE —! 1.NN-NNDND_~Lhorire
0.997 1o Moo= 10U, 00U N0OUrs
MTTR = ours
0.9965
0.996
0 1000 2000 3000 4000 5000 6000 7000 8000

t

Time in hours
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Number of failures
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Active Redundancy - Number of PS Failures

Number of Failures

6600
7 /
1 PS MTBF = 100,000 hours /|
" MTTR = 4 hours
F1001ps(t) 100 Power |Supplies
F10012ps(1)°
F10023ps(V) .
F10034ps(V) /
F10045ps(t)3 "
/
, / //
’#/
1 -,
—--"""ﬂ’#
-0-'-'-'-'-'-'-‘-'-'.
% 1000 2000 3000 4000 5000 6000 7000
t
Time in hours
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1< Homework Problem # 19

Two inverter stages in an uninterruptible power supply are to be connected in
parallel. each is capable of full-load capability. The calculated failure rate of
each stage is | = 200 failures per million hours.

A. What is the probability that each inverter will remain failure free for a
mission time of 1000 hours and

B. What is the probability that the system will operate failure free for 1000
hours?

Solution:
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1< Homework Problem # 20

For a critical mission, 3 power supplies, each capable of supplying the total
required output, are to be paralleled. The power supplies are also decoupled
such that a failure of any power supply will not affect the output. The calculated
failure rate of each power supply is 4 per million hours.

A. What is the probability that each power supply will operate failure free for 5
years?

B. What is the probability that the system will operate failure free for 5 years?
That is, only 1 out of the 3 power supplies is needed in order for the system to
operate. Solution below.
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SLAC Next-Generation
High Availability Power Supply

Dave MacNair
SLAC National Accelerator Laboratory
Power Conversion Department (PCD)
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< Why High Availability is Essential

Nonredundant Power Redundant Power Supply

Supply
AC Power J AC Power J MTBF
e N — "‘4 """" B A — ltem kHrs
T B T SO B R S PSC 110
i Global & i ! Cooling: i1 Global i ! Cooling
 Controli i |1 Water ! L Control i ! | PS 60
S v vy oy oyl Transductor 381.5
™_Controller > PSC Cables/ 14000
v 3 Connectors
: Power
! MTTR = 2 Hours
Power Supply i supply 1| Supply
i PAC 2001 Chicago, Illinois
40 i 40 Bellomo, Donaldson, MacNair
Transducto Transductorfs
__PpwerCables = . Pwer Cables
i Magnet : i Magnet :

__________________________________________________________________________
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< Redundancy is Essential

5000 Nonredundant Vs 5000 1/2 Redundant

10000
100

4

= I:5kSys(t) 100

qc_U —

%S Fsk12sydY 10

B —

€ Fsk12HsysY

S — 1

Z
Assumptions 0.1
*MTTR and MTBFs of
components on 001
previous slide 0 2000 4000 6000
*Only power supply is t
redundant

Time in hours
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< Hot Swap is Essential

5000 Nonredundant Vs 1/2 Redundant Hot Swappable

1.0 Qe
L Active redundanc%
Hot swap PSTTPS It is clear that

0.95 Active redundancy
redundancy and
hot swap are

0.90
2 ".5ksys needed
8 Aski2syd) g5
CU —
>
& Ask12Hsy$Y
0.80
0.75 No-redundaney
I.l.l
0.70
0 2000 4000 6000
o t 6600
Time in hours
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< SLAC Projects with Non-redundant or Redundant Power Supplies

Non-redundant - PEP 11, SPEAR 3, LCLS (1994 — 2006)

*Power supply quantity is hundreds, not thousands

» Power supply availability budget is modest 98%

» Non-redundant supplies satisfied availability budget

» Redundant power systems not readily available from industry

* Redundant systems would not fit within cost and schedule constraints
Redundant - KEK ATF 2 (2006 — 2008)

» Mock-up of ILC Final Focus accelerator

« Magnet power supplies ILC-like
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4 ATF2 Block Diagram

Power Supply Rack Cable
Resistance
Bulk Voltage N+1 Power 200A
38 76
’6) (38) (76)
Water
temperature
Clock + DC Interlock

reference
+ Fault
signals

On/Off,
Vo

Ethernet-
EPICS 1I/O

. Interface Board
Bulk Voltage Clock/Fault

Source PLC .
(1) Processing
(38)
|

DC
reference
+ Fault
Siglna/

Current
Ethernet PS feedback

Controller
(38)

Ethernet-EPICS I/0O
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ATF2 —at KEK
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< ATF2 Current and Field Recovery Plots

Currerst b b Fied |
. .
................... Magnet
........... Voltage
Ch LT A TFTRTIT .a;|'c':h4';r" s'sow |' TR T2 S A'|‘<':h4'i" 1'2"5'\4
ch4[ 5.00V | ch4[ 5.00V |
i[10.00 % #[10.20 % |

« During power module loss measured 6A magnet current drop at 150A

« 100 Gauss drop at 3.1 kilogauss. 200mS recovery with no overshoot, no
re-standardize needed
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Next Generation High Availability Power Supply (HAPS)

Goals

All components N+1 modular and redundant

Power module hot-swappable

Unipolar or bipolar output from a single unipolar bulk voltage source
Imbedded controller with digital current regulation

Capable of driving superconducting magnets

High bandwidth for use in BBA or closed orbit correction systems
High stability and precision output current

High accuracy read-backs

Scalable to higher output levels

Applications

ILC and other future accelerators

Section 12 - Reliability and Availability
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4 Next Generation Power Supply Block Diagram

ETHERNET1 | POWER
——— suPPLY1
REGULATOR
TO EPICS I10C POWER SUPPLY
—_—e— e e— e— e— —— —— — — —— —— ———— ]
- _ | POWER MODULE 1 |
| REDUNDANT | | + + |
ETHERNET2 ! POWER | iNPUT oUTPUT | |
SUPPLY1 | CONTROLLER |
|REGULATOR | |
T I CAN BUS 1
CAN BUS 2 |
| PHASE LOCK |
| INTERLOCKS |
|— = = 7 | |
| REDUNDANT I : : MAGNET 1 |
AC POWER 1 | REPUNDANT I E E |
SOURCE [ 5 5 |
I | : : |
- | P ! :
| ' ' | MAGNET N j ?ll
: : |
| POWER MODULE N+! GND |
AC POWER 2 | MAIN AC-DC ! * * C?I?TF\I’EE:NI'T |
BULK SOURCE | 4 INPUT OUTPUT
| CONTROLLER |
| CAN BUS 1 I
CAN BUS 2 |
| PHASE LOCK |
| INTERLOCKS |
! |
REDUNDANT
PLC
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14 Next Generation Power Module Schematic
v oo yamom
48 VDC l;ii

3 —&)

CONTROLLER 100v

Y|

2 X IRFB3077
75V 1.4 mOHM

\ |+
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CONTROL ~ “ 0~
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| <
Q1 TURNS ON STATE 1
dl/dT = +300A/uS
Q1 Q3
OFF H-Ig' F 3 ON H-I F 3
75 nH
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WV VR Ve NIl
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Q1

OFF

Q2

Next Generation Positive Output Current ( Q1 - Q2 -Q3-0Q4)

OFF

A

Q2 DIODE
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|«
Q4 DIODE
STATE N1 TURNS OFF
a1 Q3 dI/dT = -300A/uS
: —
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A 100 uH
L Y Y Y
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STATE N3
Q3

i
52E

Next Generation Negative Output Current (Q2 — Q1 — Q4 — Q3)

OFF
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}
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< Power Modules Connected for Unipolar Output

Power
Module
== == == _
+
Magnet
V .

' - - | l - -
A4
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< Power Modules Connected for Bipolar Output

Power
Module
e _ - = _ b
+
Magnet
\'} Y Y ¥ A
N
- ¢
= _ ! _ b
NV
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1< Next Generation Power Modules are “Bricks”

e Input: 48V

 Qutput V: 0 to 40V

* Qutput I: 0 to 33A

e Output P: 0 to 1,320W
27 X47X8”
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Next Generation Power Module Layout
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OUTPUT
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Next Generation PID Loops

INTEGRATOR

WINDOW

R
VOLTAGE LOOP ERROR VOLTAGE
LATCH
Y
Z
+ MULT
) dv/dT
MULT +
oUTPUT (S kP —t(5um)
VOLTAGE N NG
+ +
DESIRED
VOLTAGE MULT
di/dT
MULT LATCH
OUTPUT +/g;;h L (1c 1
CURRENT Z
+
CURRENT LIMIT ERROR VOLTAGE
MULT
+CurLim —1 +® @
- MULT
-CurLim +\SSM/ <E§;>
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K>MAX => Y=MAX

X<MIN =>Y=MIN
ELSE => Y=X

LIMIT

LATCH

1

X/Y

z

X>MAX => Y=MAX
0<X<MAX =>Y=X
X<0=>Y=0

GAIN COEFFICIENTS
KP = PORPORTIONAL

Kl = INTEGRAL

KD = DIFFERENTIAL (-dV/dT)
KC = CURRENT (-d1/dT)
KL = CURRENT LIMIT

TC = CURRENT FILTER TC
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Next Generation PWM Control

DIVIDER MIN
FROM 1
PID 8 X 7Y
X>MAX => Y=MAX X>MIN => Y=X
0<X<MAX => Y=X L ATCH . voLT OSXSMIN => Y=MIN
X<0 => Y=0 X<0 => Y=0
1
MAX = 8*PWMmax —=- 8
Z -
A/ _/
SUM
PWM DUTY CYCLE AND FREQUENCY
100% VERSES INPUT ,
/
PWM MAX
DUTY CYCLE
PULSE
SKIPPING PWMMIN
REGION
0
FREQUENCY
0
0 DIGITAL INPUT
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Next Generation Prototype Controller with Development Board

- *
B a0 DI ket Lt ) )
0 j 0, —
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1< Next Generation — Controller Card

@ E_?E_f'—_:'_ Egi!;“;ﬁ-g E =]
e sl Coniy £ (O
@ | Gifimmmmmnn ® %=

STANFORD LINEAR ACCELERATCR CENTER | ASSMLY GRAYRG TOP __[SHEET 1 OF 4
UL X OFPANTMENT OF ERERGT HEZH AVAILABILITY POWER SUPPLY
STANFOR) LWNENRITY  STANFORD. eALFORMA | CONTROLLER CARD

— DATE 1 AFPRCYM |
ER s wane = | &/

E SA—125-347-08 VER 1.0 | A
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Next Generation — MATLAB Tuning Program

0x1000

0x4000

04000
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Program Status — As of January 2010
To date
* Five power modules with embedded controllers have been built
« The modules have been tested individually and run as pairs
* Demonstrated
4 modules, 40V, 100A, 4,000W unipolar output then reconfigure
4 modules, 40V, 33A, 1,320W bipolar output
Future
* Design the outer current control loop components

- Demonstrate operation of a completely redundant power supply
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1< Confidence Levels

 MTBF previously discussed relates to the laws of large quantities and 50%
confidence limits

» Confidence intervals are bounded with upper and lower limits. The broader the
limits, the higher the confidence

« Electronic equipment, a one-sided, lower limit is appropriate
t=time in hours
f=number of failures
MTBF pregicteq = U/ f
K, from chi-square distribution
MTBF| | = MTBFp agicteq * KL
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K, Multipliers For MTBF Confidence Levels

Lower Limit K |

Failures
f 60%
1 0.620
2 0.667
3 0.698
4 0.724
5 0.746
500 0.965

70%
0.530
0.600
0.630
0.662
0.680
0.954

80%
0.434
0.515
0.565
0.598
0.625
0.942

90%
0.333
0.422
0.476
0.515
0.546
0.930

95%
0.270
0.360
0.420
0.455
0.480
0.915

Excerpted and abridged from W. Grant Ireson, Reliability Handbook,
McGraw-Hill, NY 1966
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< Confidence Limit Example

If a power supply is to operate for 3 years before the first failure, what is
the MTBF prediction for an 80% confidence level? Repeat for a 90%

confidence level.

Solution:

3 years=26280 hours = MTBF
From the confidence limit table K, =0.434 for 80% and f=1

Therefore, MTBFggy, = MTBF * 0.434 > 11,406 hours

For MTBFgqy, = MTBF * 0.333 > 8,751 hours
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< Fault Modes And Effects Criticality Analysis (FMECA)

FMECA is
* A systematic way to prioritize the addressing of “weak links”.

* An inductive, bottoms-up method of analyzing a system design or
manufacturing process in order to properly evaluate the potential for
failures

It Involves
» Identifying all potential failure modes, determining the end effect of each
potential failure mode, and determining the criticality of that failure effect.

3 Major Iterations
 Used in the Design, Fabrication and Operation Stages
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|«

Fault Modes And Effects Criticality Analysis (FMECA)

S . W
_ E off _Pesian HpllRfiHfw
Part Potential Effects of v c|| Evaluation | gffpll Ell H
Name/ # Part Function Potential Failure Mode Failure Potential Causes of Failure c|l Technique ||+l nllnll Yy
Coils Provide magnetic field ||coil to coil or coil to magnet [j[magnet goes off line 5 ||coils moved during installation of magnet or 5] protypetest || 1 ({25 3| 2
steel short adjacent beamline component, or alignment of
magnet
Coils Provide magnetic field ||klixon trip due to magnet goes off line 5 |linadequate water pressure differential across || 5 || prototype test, || 1 ||25]| 1 || 2
overheating magnet calculation
Coils Provide magnetic field ||klixon trip due to magnet goes off line 5 |too many loads on water circuit 5 || prototype test, || 1 [[25f 1 || 2
overheating calculation
Coils Provide magnetic field ||klixon trip due to magnet goes off line 5 |lconducter sclerosis 3 n/a 1|15) 41| ©
overheating
Coils Provide magnetic field ||klixon trip due to magnet goes off line 5 ||foreign object in water line or coil which blocks || 2 n/a 1(j10]1 41| 8
overheating water flow
Coils Provide magnetic field ||klixon trip due to magnet goes off line 5 ||damaged (crimped) coil which restricts water || 2 n/a 1(j10) 31| 8
overheating flow
Coils Provide magnetic field |jwater leak magnet goes off line due to || 5 [jwater hose brakes because of radiation 5 n/a 1|25)| 4| 3
ground fault damage
Coils Provide magnetic field [jwater leak magnet goes off line due to || 5 [[corrosion in aluminum/copper conductor 2 n/a 1(j10] 41| 9
ground fault
Coils Provide magnetic field |jwater leak magnet goes off line due to || 5 [ferosion of coil from excess water velocity 4 n/a 1(j20] 41 2
ground fault
Coils Provide magnetic field |jwater leak magnet goes off line due to || 5 |[break in braze joint between copper block and || 3 || prototype test || 1 || 15 3 || 8
ground fault coil
Fittings [[Make water connection|water leak magnet goes off line due to || 5 [[cracked fittings from incorrect installation 4 n/a 1(j20]| 31| 8
ground fault procedure
Jumpers || Connection between ||short at jumper magnet goes off line due to || 5 [fsloppy installation 5 n/a 1(|25]| 3|l 8
coils ground fault
Jumpers || Connection between ||short at jumper magnet goes off line due to || 5 [[poor design 5 || design review, || 1 [[25f 1 || 2
coils ground fault prototype
Jumpers || Connection between |[loose jumpers excessively high 5 [|poor design or incorrect procedures used at 5 n/a 11(25]f 3| 8
coils temperatures leading to installation
melting of materials
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< Fault Modes And Effects Criticality Analysis (FMECA)

25 - 24 -
20 —_—
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Quantity
H
?

5 ~ NONE(1)
MINOR(2) .
LOW(3) &7}

0- HIGH@4) &

VERY HIGH(5)

v L s
S & ¥ £ &
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FMECA When and Why Plot

20

18

16 | When

B Design (1)

14+ @ Fabrication (2)
2> 124 O Transit/Installation (3)
g 10- B Post-installation (4)
o
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< Reliability Process Diagram

Technical
Design

Design
Review

1. Design (Shown)
2. Production
3. Operation

ailure Mode
and Effects
Criticality

Analysis

Process for 3 Distinct Phases:

Reliability
Block
Diagram

| Data Sources -
Mil-HDBK
Telcordia
_Manufacturer

~

Math Models and
Reliability Analysis
MTBF
MTTR
Availability

Benchmarks
Based on

Experience or
Other
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4 Maintainability

Cold swap — input bus and power supply must be off when it is exchanged
Warm swap — input bus is on but power supply is off when exchanged

Hot swap — input bus is on and power supply is on when exchanged.
Typically used with redundant, full rated power supplies

+
>l
Power Supply Load
1. Need paralleling diodes to
ensure failed power supply
+ does not take down both power
i supplies
Power Supply

2. Current sharing circuitry
must be used with the power
supplies
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Section 13 - Power Supply Specifications
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€ Power Supply Specifications

List of Specifications to be given to the Power Supply Designer

Requirement

Example

1. Site conditions

Elevation, ambient temperature range,
humidity, seismic requirements

2. Intended use and system

Storage ring accelerator dipole magnet
power supply

3. Function

DC or pulsed, voltage or current source

4. Load parameters and description

Inductance, capacitance and resistance

5. Output ratings

Maximum voltage, current, operating or
pulse time, pulse width and repetition rate

6. Input voltage and phases

208V,1¢ 208V,3 ¢ 480V, 3 ¢

7. Efficiency

Up to 94% achievable at full load output
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€ Power Supply Specifications

List of Specifications to be given to the Power Supply Designer

Requirement

Example

8. Input power factor

Up to 0.95 achievable for 6 pulse
Up to 0.97 achievable for 12 pulse

9. Input line THD

< 5% voltage
<24% current

10. Conducted EMI 10kHz to 30MHz

MIL-STD-461E
FCC Class A Industrial
FCC Class B Residential

11. Line regulation

0.05 % of rated output voltage change for a
5% line voltage change. Recovery in 500 S

12. Short-term (1 to 24 hour) stability

Allowable voltage or current deviation - 10s
of ppm achievable

13. Output voltage ripple (PARD)

DC to 1 MHz, peak-to-peak, 0.05 % of
rated voltage output
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€ Power Supply Specifications

List of Specifications to be given to the Power Supply Designer

Requirement Example

14. Output pulse amplitude stability

15. Output pulse — to pulse deviation in 1 nanosecond for solid-state converters.
time (jitter) 10s of nanoseconds for thyratron triggers
16. Load regulation 0.05 % of rated output voltage change for

10 % line change. Recovery in 5004 S

17. Type of control system Analog, mixed analog-digital, all digital
Communication bus

18. Interlocks Low input voltage - loss of input phase
«Qutput over voltage — over current
*Excessive ground current

«Insufficient cooling air flow — cabinet over
temperature

«Insufficient cooling water flow — cooling
water over temperature
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Power Supply Specifications

List of Specifications to be given to the Power Supply Designer

Requirement

Example

19. Interlocks (continued)

*MPS fault
*PPS violated
«Cabinet doors open

20. Cooling methods

Water cooling for biggest power dissipating
devices (IGBTs, rectifiers, chokes)

<50 kW — all air cooled
> 50kW — some measure of water cooling

21. Front panel controls

Local / remote operation
«Output voltage or current
*Ground current limit
«Output current limit

June 2017
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€ Power Supply Specifications

List of Specifications to be given to the Power Supply Designer

Requirement

Example

22. Front panel displays

«Output voltage

«Qutput current

*Ground current

\/oltage or current mode

* Current limited operation

23. Component deratings

\oltage, current and power

24. Mean time between failure (MTBF)

MTBF = 1/ (sum of all parts failure rates)

25. Mean time to repair (MTTR)

Establish from MTBF and operational
Availability requirement

26. Availability

27. Maintainability

June 2017 Section 13 - Power Supply Specifications
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€ Power Supply Specifications

List of Specifications to be given to the Power Supply Designer

Requirement Example
28. Physical size Based on output power — typically
1to4W/cuin
29. Rack or free-standing < 17kW rack-mounted

> 17kW free-standing

30. Compliance with UL or other Underwriters Laboratories - UL
nationally-recognized inspection/test National Recognized Test Laboratory -
laboratories NRTL

31. Seismic Must satisfy site earthquake design criteria

Damage criteria and response spectra
curves - separate or combined
accelerations

32. Quality Assurance Must satisfy project quality
assurance/quality control criteria
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1< References And Useful Textbooks

References Used in

Elements Of Power System Analysis, Stevenson, McGraw-Hill Textbook

IEEE 90 - IEEE Standard Computer Dictionary: A Compilation of
IEEE Standard Computer Glossaries. Institute of Electrical and Textbook
Electronics Engineers. New York, NY: 1990

“Power Electronic Converter Harmonics”, Derek Paice, IEEE Textbook
Press, 1996

Rectifier Circuits Theory And Design, Johannes Schaefer, John

Wiley & Sons, Inc NY Textbook
Switchmode Power Supply Handbook, Keith Billings, McGraw-Hill, Texthook
February 1999, ISBN 0070067198

EMI and Emissions: Rules, Regulations and Options, Daryl Gerke Section 3
and Bill Kimmel, Electronic Design News, February 2001

EMI Control Methodology and Procedures, Donald White and Section 3
Michel Mardiguian, Interference Control Technologies, 4th Edition
http://www.iijnet.or.jp/murata/index.html for feedtrhu filters Section 3
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1< References And Useful Textbooks

References Used In

“Case Studies on Mitigating Harmonics in ASD Systems to Meet
IEEES19-1992 Standards”’, Mahesh Swamy, Steven Rossiter,

Michael Spencer, Michael Richardson - IEEE Industry Application Section 3

Society Proceedings October 1994

IEEE 519 — 1992 *“Standard Practices and Requirements for :
Section 3

Harmonic Control in Electrical Power Systems”

Circuit Techniques for Improving the Switching Loci of Transistor
Switches in Switching Regulators,E.T. Calkin and B.H. Hamilton, Section 4
IEEE Transactions On Industry Applications, July 1976

How to Select a Heatsink
http://www.aavidthermalloy.com/technical/papers/pdfs/select.pdf

IGBT Theory :
http://www.elec.gla.ac.uk/groups/dev mod/papers/igbt/igbt.html

Section 4

Section 4

Magnetics Designer for Transformers, chokes and inductors,
Intusoft Corporation Section 4

http://www.i-t.com/engsw/intusoft/magdesgn.htm

June 2017 Section 14 - References 686


http://www.aavidthermalloy.com/technical/papers/pdfs/select.pdf
http://www.elec.gla.ac.uk/groups/dev_mod/papers/igbt/igbt.html
http://www.i-t.com/engsw/intusoft/magdesgn.htm

1< References And Useful Textbooks

References Used in
Power Electronics Modeling Software, Integrated Engineering Section 4
Software, http://www. integratedsoft.com
PSPICE simulator for switching regulators, Linear Technologies, Section 4
http://www.linear.com/insider
PSPICE circuit simulator, Micro-Cap, Spectrum Software, :
_ Section 4
http://www.spectrum-soft.com
Zero Voltage Switching Resonant Power Supplies :
: Section 4
http://www-s.ti.com/sc/psheets/slual59/slual59.pdf
SCSI information http://www.scsita.org/aboutscsi/index01.html Section 5
MIL-STD-1629 "Procedures for Performing a Failure Mode, Section 7
Effects, and Criticality Analysis".
RelCalc by T-Cubed Section 7
Relex by Relex Software Section 7
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1< References And Useful Textbooks

http://mathworld.wolfram.com/FourierTransform.html

References Used In
Table of Laplace Transforms Section 6
http://www.vibrationdata.com/Laplace.htm ection
Table of Fourier Transforms .
Section 6
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< Homework Problem # 1
Calculate the output voltage in the circuit shown below.

R1=40 Q2 R2=4.0 R3=4.0

Vin=25cos mt V1 V2 V3 Vload

1:2 3:1
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Homework Problem # 2

Referring to the one-line diagram below, determine the line currents in the:

A. Generator B. Transmission Line C. M1 D. M2

JAN h Y A 125k 1

?‘S_ Cable =80 0 B 020
Sl Sl

= 13.8 kV 13.8kv A 115kV Y
30,000 kVA 115kV Y

13.8kV A
X'=0.15 35.000 kVA 35.000 kVA Y
X = 0.10 _
X=0.10 12.5 kV

10,000 kVA
X'=0.20
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1< Homework Problem # 3

A 1000kVA, 12.47kV to 480V, 60Hz three phase transformer has an
impedance of 5%. Calculate:

a. The actual impedance and leakage inductance referred to the primary
winding

b. The actual impedance and leakage inductance referred to the secondary
winding

c. The magnetizing inductance referred to the primary winding
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A waveform v(t) was analyzed and found to consist of 6 components as shown here.

/N /\ [/

[

ON DO ®O

vo(t)

A
o

v (1) 0

-10
3

vo(t) 0

-3

b. Show the harmonic content graphically by plotting the frequency spectrum

c. Give the numerical result of

b :%jv(t)sin:ewtdt

:
by :%J'v(t)simwtdt
0

Homework Problem # 4

o

T N7
/. \J

0]

0.2

04

t

06

Help : Isin2(3a)t) dt =%—

08

2

va(t) o

-2

V(1) 0

I AWANT AW/
VAVAVAY,

T

Vigl o

-0.1
0

Help : _[cos(4a>t )sin(4at )dt =
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a. Write the mathematical expression for each component in terms of w=(2*z)/T

sin6 wt
12w

sin(4a)t)2
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1< Homework Problem # 5

Each waveform below can be written as a Fourier series. The result
depends upon the choice of origin. For each of the 6 cases, state the type
of symmetry present, non-zero coefficients and the expected harmonics.

1NN
A
[N

v

A 4

e u
(YT Y'Y g

v

I

-T/4 0 T4 T/2
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1< Homework Problem # 6

A uniform magnetic field B is normal to the plane of a circular ring 10 cm in
diameter made of #10 AWG copper wire having a diameter of 0.10 inches. At
what rate must B change with time if an induced current of 10 A is to appear in
the ring? The resistivity of copper is about 1.67 2 £2 —cm.
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1< Homework Problem # 7

A 10kW power supply with 3-phase 480V input has an efficiency of 90% and
operates with a leading power factor of 0.8. The power supply output is 100V.

Determine the size of an added inductor to improve the power factor to 1.00.
Below is the circuit diagram.

I—needed

Po=10kW

AAA

Vo=100V
480V, -

C/: Ricad =1 0hm
AAA
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1< Homework Problem # 8

D1 D2
T1

V sin (7 1) NT |

| oad A D4 D3

Assume ideal components in the phase-controlled circuit above. For a purely
resistive load:

A. Explain how the circuit operates

B. Draw the load voltage waveform and determine the boundary conditions
of the delay angle «

C. Calculate the average load voltage and average load current as a
function of «

D. Find the RMS value of the load current.
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1< Rectifiers - Homework Problem # 9

100.5v

Given the following:
e Input voltage waveform

5mS 5mS time

-100.5vV

e Losses transformer EHE
e Two SCRs, each with conducting > 4L~7

voltage drop of 1V.

e Inductor, lossless, with very large (W
inductance

e Resistor, 10 ohms, capable of very

large power dissipation

e Circuit operating under steady-state conditions (i.e. all transients have
subsided)
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1< Rectifiers - Homework Problem # 9 Continued

Problem

A. With the SCRs triggering retard angle at zero degrees, arrange the
circuit to provide a full-wave, rectified, and properly low-pass filtered DC
output of 200V into the 10o0hm load resistor.

B. Calculate the load current and power

C. Determine the needed transformer turns ratio.

D. Calculate the circuit efficiency

Increase the SCRs trigger retard angle to 90 degrees and
F. Calculate the new output voltage, current, and power

G. Determine the new circuit efficiency
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1< Homework Problem # 10

Given the circuit below:

40 40
MV NV
0.5H 0.5H Vous
12 02
02F ==  .005F ==

Vout (1) .« Vout(Jo)
h(1) = Yout( ¥ _Vout
o Vin(t) ) Vin(lo)

Sketch |H(jw )| versus w
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1< Homework Problem # 11

A 100kW power supply is 80% efficient. Approximately 50% of the power
supply heat loss is removed by cooling water.

« How much heat is dissipated to building air and how much heat is removed by
the water system.

» Calculate the water flow rate needed to limit the water temperature rise to
8°C maximum.
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1< Homework Problem # 12

A collider has several equal strings of 77 superconducting magnets, each with 71.4mH inductance,
carrying 15kA of current. If one, or more quenches, all the energy from the other magnets will dissipate
their energies into the quenched magnet, thus destroying it. Design a switched dump resistor to
discharge the current at a maximum rate, dl/dt, of 300A/s to prevent damage to the superconducting
magnet in the event of a quench. Refer to the circuit diagram below.

What is the energy stored in each magnet and in the string when running at its design value?
What is the total inductance of the string?
Write the equation that describes the resistor current after closing the switch.
Find the resistor value to limit the maximum rate of decrease of current in the magnets to 150A/s
What is the maximum voltage generated across the resistor?
What is the time constant of this circuit?
Design a steel dump resistor that has little thermal conductance to the outside world (adiabatic
system). Calculate how much steel mass (weight) will limit the temperature increase of the resistor to
500°K.

15kA l Help
Q=M C, AT

No ok whE

Dump switch
Q = heat (energy) into the system expressed in joules

@ Power i One string of ’ _
supply D i t 77 Magnets, M= mass or weight of the resistor
ump resistor each 71.4mH

C, = specific heat of material = 0.466 for steel

gm* K

AT =Temperature rise of the resistor

Based on “LHC Magnet Quench Protection System, L.Coull, et.al, 13th International Conference on Magnet Technology, Victoria, Canada, 1993
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1< Homework Problem #13

A. Atransmission line can be formed using lumped Ls and Cs. Calculate the
delay of a line composed of 8 sections of inductances L=4mH per section
and capacitance C=40pF per section.

B. The frequency of a signal applied to a two-wire transmission cable is
3GHz. What is the signal wavelength if the cable dielectric is air? Hint —
relative permittivity of air is 1

C. What is the signal wavelength if the cable dielectric has a relative
permittivity of 3.6?
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1< Homework Problem #14

For the transmission line shown below, calculate the Reflection Coefficients 7,
the reflected voltages and the voltage and current along the line versus time.

=0  R.=500

+
—— V=100V Zo=30£2 R.=1160

}— tg= 10us —{
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1< Homework Problem # 15

A controlled impedance transmission line often drives a kicker. The kicker is
usually well modeled as an inductor. A matching circuit can be built around the
kicker and its inductance so that this circuit, including the kicker magnet, has

constant, frequency independent, impedance which is matched to the transmission
line.

Assuming that the transmission line impedance is Z, and the kicker inductance is
Lioer derive the values of R1, R2, and C necessary to make a frequency
iIndependent (constant) impedance Z,

R1 R2

Kicker
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1< Homework Problem #16

A. What is the significance of the value  [#o ?
€o

and JL*C ?

B. What is the significance of the values

1
\Hoéo

C. Calculate the speed of light in mediums with dielectric constants of:
&=1 =2 &=4 &=8 &=16
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1< Homework Problem # 17

A, Atleast L of 4 parallelidentical powersuppliesinanaccelerator mustcontinue

to operate for the system to be successful. LetR =0.9. Find the probability of success.
B.Repeatforatleast2 outofd succes

C.Repeatforatleastd outofd success

D.Repeatfor 4 outofdsuccess

Solution:
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1< Homework Problem # 18

Calculate the MTBF of a “typically commercial” 5 KW, switchmode power supply with
EMI filter and appropriate electromechanical safety features amounting to 10% of the
total number of components. The power supply operates at 50C ambient temperature.
The power supply consists of the following components with the listed failure rates.:

« 2 each ICs, plastic linear, | = 3.64

« 1 each opto-isolator, | = 1.32

« 2 each hermetic sealed power switch transistors, | = 0.033
» 2 each plastic power transistors, | = 0.026

» 4 each plastic signal transistors, | = 0.0052

» 2 each hermetic sealed power diodes, | = 0.064

» 8 each plastic power diodes, | = 0.019

* 6 each hermetic sealed switch diodes, | = 0.0024

» 32 each composition resistors, | = 0.0032

« 3 each potentiometers, commercial, | = 0.3

» 8 each pulse type magnets, 130C rated, | = 0.044

» 12 each ceramic capacitors, commercial, | = 0.042
« 3 each film capacitors, commercial, | = 0.2

* 9 each Al electrolytics, commercial, | = 0.48
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1< Homework Problem # 19

Two inverter stages in an uninterruptible power supply are to be connected in
parallel. each is capable of full-load capability. The calculated failure rate of
each stage is | = 200 failures per million hours. A. What is the probability that
each inverter will remain failure free for a mission time of 1000 hours and B)
What is the probability that the system will operate failure free for 1000 hours?

Solution:
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1< Homework Problem # 20

For a critical mission, 3 power supplies, each capable of supplying the total
required output, are to be paralleled. The power supplies are also decoupled
such that a failure of any power supply will not affect the output. The calculated
failure rate of each power supply is 4 per million hours.

A. What is the probability that each power supply will operate failure free for 5
years?

B. What is the probability that the system will operate failure free for 5 years?
Solution below.
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