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State-of-the-Art 
Solid State Pulse Modulators 

Jürgen Biela 
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Focus Application Areas 



High Power Laboratory - Facilities 

! 3"Reconfigurable"Faraday"Test"Cells"
"""3"Reconfigurable"Fence6Test"Cells"
! Max."Cell"Size:"57m2"

! Sources:"
" "0..400V/800V" "250kVA"
" "0..25kVAC" "250kVA"
" "0..35kVDC" "250kW"
" "0..2kVDC" "100kW"/1.2kA"
""(BidirecNonal)"

"
! 150kW"Water"Cooling"
! 2"x"30kW"Air"Cooling"

! 2t"Crane"



Pulse Modulator Basic Topologies 



Pulsed Power / Pulse Length for typical Applications 
Collaboration:  

 - Ampegon, PPT,  
    ABB, Lasslop 
 - PSI & CERN 

1)"Basic"concepts"
2)"Short"pulse"modulator"

6"Matrix"transformer"
6"PremagneNsaNon"
6"Bouncer"/"Gate"unit"
6"Precise"Charging"

3)"Mid"range"modulator"
6"AcNve"bouncer"

4)"Long"pulse"modulator"
6"Basic"concept"
6"Design"of"a"module""

""



Typical"topology"of"a"solid"state"pulse"modulator"
6"AC/DC"recNfier"unit"
6"DC/DC"converter"for"charging"C6bank"/"voltage"adapNon"
6"Pulse"generaNon"unit"
6"Load"e.g."klystron"

Typical Topology 0f a Solid State Pulse Generator System 



Typical"topology"of"a"solid"state"pulse"modulator"
6"IsolaNon"with"50Hz"transformer"or"
6"Isolated"DC6DC"converter"

Typical Topology 0f a Solid State Pulse Generator System 



Solid State Switches 



!  Simple"concept,"but"high"no"of"switches"
!  High"voltage"supply"required"
!  Voltage"balancing"of"switches"required"

#"ReducNon"of"switch"operaNng"voltage"
#"AddiNonal"losses"(balancing"circuit"+"high"no"of"switches)"
#"ParasiNc"oscillaNons"possible"

!  Isolated"gate6drives/supplies"required"
!  LimitaNon"of"short"circuit"current"is"criNcal"(L"required)"
!  Switch"needs"to"be"synchronized"
!  Variable"pulse"length"possible"

Modulator with High Voltage Switch 



!  Voltage"pulse"by"adding"capacitor"voltages"
!  Variable"pulse"voltage"and"arbitrary"length"possible"
!  Synchronous"triggering"of"switches"NOT"required"

#"Improved"robustness"
!  Isolated"gate6drives"/"gate6supplies"

Modular: Marx-Type 



Modular: Marx-Type – Pulse Generation 

!  Voltage"pulse"by"adding"capacitor"voltages"
!  Variable"pulse"voltage"and"arbitrary"length"possible"
!  Synchronous"triggering"of"switches"NOT"required"

#"Improved"robustness"
!  Isolated"gate6drives"/"gate6supplies"
!  Problem:"Energy"in"case"of"short"circuit"(L"required"/"bipolar"Marx)"



!  Voltage"pulse"by"adding"capacitor"voltages"
!  Variable"pulse"voltage"of"arbitrary"length"possible"
!  Synchronous"triggering"of"switches"NOT"required"

#"Improved"robustness"
!  Isolated"gate6drives"/"gate6supplies"
!  Problem:"Energy"in"case"of"short"circuit"(L"required"/"bipolar"Marx)"
!  Capacitor"charging"via"resistor/inductor"
!  ParasiNcs"#"OscillaNons"possible"

Modular: Marx-Type – Charging I 



Modular: Marx-Type – Charging II 

!  Voltage"pulse"by"adding"capacitor"voltages"
!  Variable"pulse"voltage"of"arbitrary"length"possible"
!  Synchronous"triggering"of"switches"NOT"required"

#"Improved"robustness"
!  Isolated"gate6drives"/"gate6supplies"
!  Problem:"Energy"in"case"of"short"circuit"(L"required"/"bipolar"Marx)"
!  Capacitor"charging"via"resistor/inductor"or"switch/diode"(#"Long"pulses)"
!  ParasiNcs"#"OscillaNons"possible"



Modular: Marx-Type  +  PWM Cell 

!  Voltage"pulse"by"adding"capacitor"voltages"
!  Variable"pulse"voltage"of"arbitrary"length"possible"
!  Synchronous"triggering"of"switches"NOT"required"

#"Improved"robustness"
#"Droop"compensaNon"/"pulse"shaping"(PWM)"

!  Isolated"gate6drives"/"gate6supplies"
!  Problem:"Energy"in"case"of"short"circuit"(L"required"/"bipolar"Marx)"
!  Capacitor"charging"via"resistor/inductor"or"switch/diode"(#"Long"pulses)"
!  ParasiNcs"#"OscillaNons"possible"



!  High"pulse"voltage"is"generated"by"transformer"
!  AdapNon"to"switch"operaNng"voltage"possible"
!  Series"and/or"parallel"operaNon"of"switches"

!  Series:"Voltage"balancing"
!  Parallel:"Current"balancing"
" "#"No"of"switches"reduced"
"" "#"Separate"gate"drives"

!  Primary"voltage"does"NOT"influence"pulse"shape"
!  Pulse"length"is"limited"by"transformer"

Pulse Transformer Based 



!  Separate"windings/transformers"per"switch"
#"Voltage/current"balancing"is"achieved"

!  Name:"Split'Core'/"Matrix'Transformer'/"Induc8ve'Adder''(same"basic"concept)"
""#"Further"details:"Later"

Pulse Transformer Based – Matrix Transformer 



DC-DC Converter Based 

!  Adding"output"voltage"of"isolated"DC6DC"converters"
" "6"Parallel"in"/"seriel"out"
" "#"Compact"transformer"(HF"switching)"

!  Pulse"rise"Nme"relaNve"slow"
"#"Suitable"for"long"pulses"(typ.">"1ms)"

!  Small"C6bank"possible"(Droop"compensaNon)"
!  Pulse"shaping"possible"
"



DC-DC Converter Based – PSM Modulator 

!  Adding"output"voltage"of"non6isolated"DC6DC"converters"
" "#"Generate"primary"voltage"for"transformer"

!  Pulse"rise"Nme"relaNve"slow"
""#"Suitable"for"long"pulses"(typ.">"1ms)"

!  Pulse"length"limited"by"pulse"transformer"
!  Pulse"shaping"possible"
"
"



Topology Comparison 

Direct"Modulator" Marx"Type" Matrix"Pulse"Trafo" DC6DC"Converter"

Transformer"Based"

Arbitrary"Pulse"Length" Arbitrary"Length"

Fast"Rise"Time"

Inherent"Short"Circuit"Current"LimitaNon"

AdapNon"to"Switch"OperaNon"Voltage"

Power"Electronics"on"Low"Voltage"

No"Sync"of"Semiconductors" or"Modules"necessary"

High"number"of"Switches" High"#"of"Switches"



127MW/370kV/3µs 
Solid State Modulator  

with  
Ultra High Precision 

Short Pulse Modulator 
(~ µs-range) 



SwissFEL # Seminar: Swiss FEL – this evening by Dr. Braun 

!  Free"electron"laser" "#"X6Rays"
!  Electron"beam"energy "5.8GeV""
!  RepeNNon"rate "100Hz"
!  Total"electric"power" "5MW"
!  Wavelength"range "1Å"to"70Å"



127 MW Solid-State Modulator 

!  DC"supply"voltage" "VDC" "="3kV"±"30mV"
!  Output"voltage" "VL" "="370kV"
!  Output"power" "PPEAK" "="127MW"
!  Average"power" "PAVG" "="36kW"
!  Pulse"length" "TPULSE "="3µs"
!  RepeNNon"rate" "fPULSE" "="100Hz61kHz"
!  Fall"Nme" "TFALL "<"1µs"
!  Voltage"drop" ""ΔVTP "<"1%"
!  RepeNNon"accuracy " "<"1065"

Fall
Time

Droop: 1%

Maximum Pulse Width:
$PSOLWXGH�DW���������ȝV

Positive Voltage:
max. 40kV

)ODW�7RS���ȝV



Short Pulse Solid State Power Modulator 

Matrix Transformer Concept 



Matrix Transformer – Basic Concept I 

!  Separate"primary"windings:"
6"Inherent"current"balancing"

SM,1

Df,1VDC,1

SM,2

Df,2VDC,2

RLoad
Vsek

Ipri,1

Ipri,2

3D"



Matrix Transformer – Basic Concept I 

!  Separate"primary"windings:"
6"Inherent"current"balancing"

SM,1
Df,1

VDC,1

SM,2
Df,2

VDC,2
RLoad

Vsek

Ipri,1

Ipri,2

Isek

Ipri,1=
N2
N1

Isek

Ipri,2=
N2
N1

Isek

N1:N2

N1:N2
2D"



Matrix Transformer – Basic Concept II 

!  Separate"primary"windings:"
6"Inherent"current"balancing"
6"2"windings"+"2"cores"

"#"Series"connecNon"on"secondary"side"
6"Secondary"turns"#"NS/2"

NS/2"



Matrix Transformer – Leakage Inductance 

!  Leakage"inductance"Lσ:"
6"Slower"rise"Nme"
6"Overshoot"(OscillaNon)"
"""""#"Lower"efficiency"

!  CalculaNon"of"Lσ:"
6"MagneNc"field"between"windings"
6"Energy"stored"in"field"="Energy"in"Lσ'

!  Lσ'depends"on:"
6"Volume"between"windings"
6"Number"of"turns"

Lσ ~ µ0N
2 lW
l

h1
3
+ d + h2

3
!

"
#

$

%
&



Matrix Transformer – Basic Concept II 

NS/2"

Lσ ,Matrix ~ 2Vol
N
2

!

"
#

$

%
&
2

~ Lσ ,Old
2

!  Separate"primary"windings:"
6"Inherent"current"balancing"
6"2"windings"+"2"cores"

"#""Virtual"series"connecNon""
6"Secondary"turns"#"NS/2"

!  Advantages:"
6"NS/2""#""Leakage"inductance"$"
6"No"series/parallel"connected"IGBTs"
"

!  Disadvantages:"
6"Doubling"of"core"volume"



Matrix Transformer – "Cross Conduction" 

!  Problem:"Non"synchronous"switching"(e.g."SM,2'delayed)"
6"Turn"on"of"SM,1:"Induces"flux"Φ1'
6"Φ1"induces"voltage"in"secondary"(V/2)"
6"Current"Isek"flows"in"secondary"
6"Current""Isek"induces"flux"Φ2"
6"Φ2"induces"voltage"in"primary"2"
6"Diode"Df,2"starts"to"conduct"(Ipri,2)"
6"Turn"on"of"switch"SM,2"

"#"Hard"commutaNon"of"diode"Df,2"

SM,1
Df,1VDC,1

RLoadVsek

SM,2
Df,2VDC,2

Ipri,1

Ipri,2

Isek\1

\2



Matrix Transformer – "Cross Conduction" – Additional Winding 

SM,1
Df,1VDC,1

RLoadVsek

SM,2
Df,2VDC,2

!  Problem:"Non"synchronous"switching"(e.g."SM,2'delayed)"
6"Turn"on"of"SM,1:"Induces"flux"Φ1'
6"Φ1"induces"voltage"in"secondary"(V/2)"
6"Current"Isek"flows"in"secondary"
6"Current""Isek"induces"flux"Φ2"
6"Φ2"induces"voltage"in"primary"2"
6"Diode"Df,2"starts"to"conduct"(Ipri,2)"
6"Turn"on"of"switch"SM,2"

"#"Hard"commutaNon"of"diode"Df,2'
!  SoluNons:"

6"Cross"windings"
"""""""or"bemer:"
6"Synchronized"switching"
"""(Small"delay"is"o.k.)"
"



Matrix Transformer – Winding Shape 

w

!  Winding"shape:"
6"Parallel"""

"#"Large"volume"between"Pri/Sec""
"#"Large"leakage"inductance"

6"Cone"shape"
"#"Large"distance"@"high"voltage"
"#"Volume"/"2""6>""Leakage"/"2"

Lσ ~ µ0N
2 lW
l

h1
3
+ d + h2

3
!

"
#

$

%
&

~Vol N 2



V 

V 

Matrix Transformer – Parallel Secondary Windings 

!  Parallel"secondary"winding:"
6"Parallel"leakage"inductance"

"#"Leakage"/"2"
6"Offset"voltage"possible"

"#"Cathode"heaNng"@"high"potenNal"

SM,1
Df,1

VDC,1

SM,2
Df,2

VDC,2

RLoadVsek

Ipri,1

Ipri,2



Matrix Transformer – 2 IGBTs on 1 Core 

!  Pulsed"power"per"switch:"app."10611MW"
6"Total"power:"127MW"""

"#"12"switches""
"#"12"cores""
"#"Large"volume"/"weight"

!  #"2"separate"switches"per"core"
6""Per"core""20622MW"

"#"6"cores"
6"Current"sharing"of"2"switches"per"core"

"#"SynchronizaNon"
"#"Separate"capacitors"
"#"Leakage"inductance"

SM,1
Df,1

VDC,1

SM,2
Df,2

VDC,2

RLoadVsek

Ipri,1

Ipri,2

SM,3
Df,3

VDC,3

SM,4
Df,4

VDC,4

Ipri,3

Ipri,4

SM,1
Df,1

VDC,1

SM,2
Df,2

VDC,2

RLoadVsek

Ipri,1

Ipri,2

Only"2"out"of"total"""
6"cores"are"shown"



!  Problem:"Non"synchronous"switching"
!  SoluNons:"

6"Synchronized"switching"
"#"DetecNon"of"
""""""""Edges"
""""""""Peak"current"
""

RLGate 
drive

C1 S1

P1

D1

Gate 
drive

C2 S2

P2

D2

Gate 
drive

C3 S3

P3

D3

Gate 
drive

C4 S4

P4

D4

S

Evaluation Electronics

To detect: - Rise and fall times
                 - Overcurrent
                 - Peak currentFPGA

DSP
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 C
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tr3
tf1 tf3

tf2,tf4

Itrig

ic1(t)
ic2(t)

ic3(t)
ic4(t)

G
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ge

Time

Simplified)Current)Waveforms)

Matrix Transformer – Switch Synchronisation 



IG
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TTrig

ic1(t)
ic2(t)
ic3(t)
ic4(t)

!  Problem:"Non"synchronous"switching"
!  SoluNons:"

6"Synchronized"switching"
"#"DetecNon"of"
""""""""Edges"
""""""""Peak"current"
"#"Synchronous"turn"on"
"#"PosiNve"temp."coefficient"6>"StaNc"balancing"
"#""Separate""DC"capacitors"6>"StaNc"balancing"

"

RLGate 
drive
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                 - Peak currentFPGA

DSP

Matrix Transformer – Switch Synchronisation 

Simplified)Current)Waveforms)



127MW Matrix Transformer Setup 

!  Matrix"transformer"
!  12"IGBTs"/"6"cores"
!  12"primary"windings"
!  2"parallel"secondary"windings"
!  Current"balanced"between"cores""
"



Short Pulse Solid State Power Modulator 

Pulse Transformer Design 



!  Electrical"fields"#"ParasiNc"capacitances"
!  General"equivalent"circuit:"6"capacitors"

Pulse Transformer: Parasitic Capacitances 

 

circuit shown in figure 11(a) which is similar to the equivalent 
circuit 12.6 in [1]. Neglecting the parallel resonance between the 
leakage and capacitor C4 this circuit could be further simplified to 
the circuit shown in figure 11(b), where only one capacitor is 
used which is transferred to the secondary side. 

The capacitance value for the equivalent capacitor referred to 
the secondary side is 

 

2
1 6 4

2 52 2

2 4 5

( 1)
( )

~ for large

d

d

C C C NC C C
N N
C C C C N

+ −= + + +

⇒ + +
 (21) 

The circuit of figure 11(b) is the same as used in [1, 2] but in 
those publications no equation for calculating the equivalent 
capacitance Cd from the geometry of the transformer was given 
except for the simple parallel plate approach for the region 
between the windings. 

4  DETERMINATION OF THE EQUIVALENT 
CIRCUIT BY FEM-SIMULATION OR 

MEASUREMENT 
Besides the presented possibility to calculate the values of the six 
capacitors of the general equivalent circuit (cf. fig. 9) by means of 
the transformer geometry it is also possible to obtain the values 
by measurement or by FEM-simulation.  

Since there are six independent capacitors in the equivalent 
circuit, six independent simulations / measurements must be 
carried out. The belonging measurement setups are shown in 
figure 12.  

For the measurement results following below the values of the 
capacitances have been determined by using resonance peaks in 
the impedance plot. The required inductance values are directly 
measured with an impedance analyzer Agilent 4294A and then 
the capacitances are calculated with the frequency of the 
resonance peak. 

 

( ) ( )

( ) ( )

( ) ( )

1 2 3 4 6 2 1 3 4

3 2 3 5 4 1 3 5 6
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1 1= =
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1 1= =
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1 1= =
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C C C C C C C C C

C C C C C C C C C

C C C C C C C C C

− − + − + +

− + + − − +

+ − + − −

 (22) 

With the measured capacitances the values of the equivalent 
capacitors of the circuit in figure 10 could be calculated by the 
following equations (cf. figure 13). 
Instead of measuring the capacitances with an impedance 
analyzer, the same setups could be used for determining the 
capacitances by FEM-simulations. There, either 3D simulations, 
which are quite accurate but very time consuming, or 2D 
simulations as shown in figure 14, which are much faster but less 
accurate, could be performed. The equivalent capacitors could be 
calculated with the same equations (22) as used for the 
measurements. 

 

5  MEASUREMENT RESULTS 
In order to verify the presented equations measurements at the 

pulse transformers shown in figure 15 excited by the solid state 
modulator shown in figure 16 have been carried out. The 
measurements have been conducted at relatively low voltage 
(<2kV) so that very fast and accurate probes could be used and 
measurement errors related to voltage dividers could be 

A C

VPri

B

VSec

D

-64.5pF

-12pF

17.5pF145pF

52.5pF

202pF

1.74µH

191µH

1:10

 
Figure 13.  Calculated equivalent circuit for the transformer in figure 14(b). 
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CdV1

a) b)

 
Figure 11. (a) Simplified equivalent circuit (cf. fig.10).  (b) Approximated 

simplified circuit with capacitances transferred to secondary side. 

Measurement 1 

 

Measurement 2 

 

Measurement 3 

 
   

Measurement 4 

 

Measurement 5 

 

Measurement 6 

 
Figure 14.  2D FEM-simulations for a transformer with non parallel-plate 

windings (cf. figure 15(b)). 
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Figure 12.  Measurements for determining the equivalent capacitances. 

 

arrangement. The structure of the winding and the core act like a 
parallel plate capacitor with two different dielectrics – the oil and 
the coil former of the primary winding as shown in figure 9(b). 
Assuming a linear voltage distribution again, the voltage 
distribution, the distance and the permittivity are 

 
1 , ,

, ,

, ,

( ) ( )

( )

Oil P Iso P
W

Iso Oil Iso P Oil P
eq

Iso Oil P Oil Iso P

xV x V d x d d
h

d d
d d

ε ε
ε

ε ε

= = +

+
=

+

 (16) 

and the energy could be calculated by 
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2.7 WINDING CAPACITANCE 
So far, only the stored energy/capacitances between the 

windings or between one winding and the core/tank have been 
considered. But also between the singe turns of one winding 
electric energy is stored. This energy could be calculated by 
approaches presented in [5-7].  

Due to fact that the windings are usually implemented with 
only one / two layers and the turn to turn voltage is relatively 
small as well as the distance between the single turns is relatively 
large due to the insulation this part of the stored energy usually 
could be neglected. 

3  EQUIVALENT CIRCUIT OF A PULSE 
TRANSFORMER 

In the last preceding section the energies stored in the different 
regions of the pulse transformer/tank setup have been calculated. 
In the next step the parameters of the equivalent circuit of this 
setup are calculated. This is performed by comparing the energy 
stored in the equivalent circuit, which is a function of the 
independent voltages V1-V3, with the calculated stored energy, 
which is also a function of V1-V3 (V4=V2+V3-V1). For determining 
the energy stored in the equivalent circuit, first an appropriate 
equivalent circuit must be chosen. 

As could be shown the electrostatic behavior of an arbitrary 
transformer could be modeled by a three input multipole (primary 
and secondary voltage and the voltage between the windings) [3]. 
In the linear working area and as long as propagation times can be 
ignored, the electrostatic energy / behavior of this multipole could 

be modeled by six independent capacitors as shown in figure 10. 
The energy stored in the equivalent circuit is given by 
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what results from 21 2 CCV . In the same manner the calculated 
energy stored in the different regions of the setup in figure 2 
could be written 
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2
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=

 (19) 

where V4 has been replaced by V4 = V2+V3-V1 and the factor 2 
results from the fact that the energies have been calculated for 
each leg separately.  

Since both energies must be equal WEq=WCal the equations of 
the capacitors can be derived by setting the coefficients of the 
variables/voltage terms V1, V2, V3, V1V2, V1V3 and V2V3 equal. 
This results in six independent equations which can be solved for 
the capacitances C1-C6.  

 
In contrast to the results published in [3] the capacitors C1/C2, 

C3/C4 and C5/C6 are not interdependent for the non parallel-plate 
winding since the windings are not arranged in parallel and 
therefore the winding construction is not symmetric with respect 
to the low and the high side. 

With the described model the transfer behavior of the pulse 
transformer and therewith the influence on the transferred pulse 
shape could be calculated and/or simulated for arbitrary 
connections. Moreover, with the equations relating the geometry 
of the transformer directly with the capacitances of the equivalent 
model the construction of the transformer could be optimized for 
the required transfer behavior. There, the load and the source 
impedance must be connected to the presented equivalent circuit 
in order to predict the overall transfer behavior [1]. 

3.1 SIMPLIFIED CIRCUIT WITH NEW EQUATIONS 
In many pulse power applications the pulse transformer is not 

used for galvanic isolation and the low side of the primary as well 
as the low side of the secondary winding are grounded, i.e. V3 = 0 
in figure 10. In this case capacitor C3 is replaced by a short circuit 
and C1/C6 as well as C2/C5 are in parallel. Moreover, the voltages 
across all capacitors could be derived from the primary and/or 
secondary voltage by using the turns ratio N. With the voltages 
known the energy which is stored in the capacitors could be 
calculated as a function of the secondary (or primary) voltage.  
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Furthermore, the equivalent circuit could be simplified to the 
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Figure 9.  (a) Variables / simplified run of electric flux lines for region R5. 
(b) Definition of variables for region R6. 
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Figure 10.  General equivalent circuit of pulse transformer. 

 

circuit shown in figure 11(a) which is similar to the equivalent 
circuit 12.6 in [1]. Neglecting the parallel resonance between the 
leakage and capacitor C4 this circuit could be further simplified to 
the circuit shown in figure 11(b), where only one capacitor is 
used which is transferred to the secondary side. 

The capacitance value for the equivalent capacitor referred to 
the secondary side is 

 

2
1 6 4

2 52 2

2 4 5

( 1)
( )

~ for large

d

d

C C C NC C C
N N
C C C C N

+ −= + + +

⇒ + +
 (21) 

The circuit of figure 11(b) is the same as used in [1, 2] but in 
those publications no equation for calculating the equivalent 
capacitance Cd from the geometry of the transformer was given 
except for the simple parallel plate approach for the region 
between the windings. 

4  DETERMINATION OF THE EQUIVALENT 
CIRCUIT BY FEM-SIMULATION OR 

MEASUREMENT 
Besides the presented possibility to calculate the values of the six 
capacitors of the general equivalent circuit (cf. fig. 9) by means of 
the transformer geometry it is also possible to obtain the values 
by measurement or by FEM-simulation.  

Since there are six independent capacitors in the equivalent 
circuit, six independent simulations / measurements must be 
carried out. The belonging measurement setups are shown in 
figure 12.  

For the measurement results following below the values of the 
capacitances have been determined by using resonance peaks in 
the impedance plot. The required inductance values are directly 
measured with an impedance analyzer Agilent 4294A and then 
the capacitances are calculated with the frequency of the 
resonance peak. 
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 (22) 

With the measured capacitances the values of the equivalent 
capacitors of the circuit in figure 10 could be calculated by the 
following equations (cf. figure 13). 
Instead of measuring the capacitances with an impedance 
analyzer, the same setups could be used for determining the 
capacitances by FEM-simulations. There, either 3D simulations, 
which are quite accurate but very time consuming, or 2D 
simulations as shown in figure 14, which are much faster but less 
accurate, could be performed. The equivalent capacitors could be 
calculated with the same equations (22) as used for the 
measurements. 

 

5  MEASUREMENT RESULTS 
In order to verify the presented equations measurements at the 

pulse transformers shown in figure 15 excited by the solid state 
modulator shown in figure 16 have been carried out. The 
measurements have been conducted at relatively low voltage 
(<2kV) so that very fast and accurate probes could be used and 
measurement errors related to voltage dividers could be 
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Figure 13.  Calculated equivalent circuit for the transformer in figure 14(b). 
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Figure 11. (a) Simplified equivalent circuit (cf. fig.10).  (b) Approximated 

simplified circuit with capacitances transferred to secondary side. 
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Figure 14.  2D FEM-simulations for a transformer with non parallel-plate 

windings (cf. figure 15(b)). 
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Figure 12.  Measurements for determining the equivalent capacitances. 
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arrangement. The structure of the winding and the core act like a 
parallel plate capacitor with two different dielectrics – the oil and 
the coil former of the primary winding as shown in figure 9(b). 
Assuming a linear voltage distribution again, the voltage 
distribution, the distance and the permittivity are 
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and the energy could be calculated by 
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2.7 WINDING CAPACITANCE 
So far, only the stored energy/capacitances between the 

windings or between one winding and the core/tank have been 
considered. But also between the singe turns of one winding 
electric energy is stored. This energy could be calculated by 
approaches presented in [5-7].  

Due to fact that the windings are usually implemented with 
only one / two layers and the turn to turn voltage is relatively 
small as well as the distance between the single turns is relatively 
large due to the insulation this part of the stored energy usually 
could be neglected. 

3  EQUIVALENT CIRCUIT OF A PULSE 
TRANSFORMER 

In the last preceding section the energies stored in the different 
regions of the pulse transformer/tank setup have been calculated. 
In the next step the parameters of the equivalent circuit of this 
setup are calculated. This is performed by comparing the energy 
stored in the equivalent circuit, which is a function of the 
independent voltages V1-V3, with the calculated stored energy, 
which is also a function of V1-V3 (V4=V2+V3-V1). For determining 
the energy stored in the equivalent circuit, first an appropriate 
equivalent circuit must be chosen. 

As could be shown the electrostatic behavior of an arbitrary 
transformer could be modeled by a three input multipole (primary 
and secondary voltage and the voltage between the windings) [3]. 
In the linear working area and as long as propagation times can be 
ignored, the electrostatic energy / behavior of this multipole could 

be modeled by six independent capacitors as shown in figure 10. 
The energy stored in the equivalent circuit is given by 
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what results from 21 2 CCV . In the same manner the calculated 
energy stored in the different regions of the setup in figure 2 
could be written 
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where V4 has been replaced by V4 = V2+V3-V1 and the factor 2 
results from the fact that the energies have been calculated for 
each leg separately.  

Since both energies must be equal WEq=WCal the equations of 
the capacitors can be derived by setting the coefficients of the 
variables/voltage terms V1, V2, V3, V1V2, V1V3 and V2V3 equal. 
This results in six independent equations which can be solved for 
the capacitances C1-C6.  

 
In contrast to the results published in [3] the capacitors C1/C2, 

C3/C4 and C5/C6 are not interdependent for the non parallel-plate 
winding since the windings are not arranged in parallel and 
therefore the winding construction is not symmetric with respect 
to the low and the high side. 

With the described model the transfer behavior of the pulse 
transformer and therewith the influence on the transferred pulse 
shape could be calculated and/or simulated for arbitrary 
connections. Moreover, with the equations relating the geometry 
of the transformer directly with the capacitances of the equivalent 
model the construction of the transformer could be optimized for 
the required transfer behavior. There, the load and the source 
impedance must be connected to the presented equivalent circuit 
in order to predict the overall transfer behavior [1]. 

3.1 SIMPLIFIED CIRCUIT WITH NEW EQUATIONS 
In many pulse power applications the pulse transformer is not 

used for galvanic isolation and the low side of the primary as well 
as the low side of the secondary winding are grounded, i.e. V3 = 0 
in figure 10. In this case capacitor C3 is replaced by a short circuit 
and C1/C6 as well as C2/C5 are in parallel. Moreover, the voltages 
across all capacitors could be derived from the primary and/or 
secondary voltage by using the turns ratio N. With the voltages 
known the energy which is stored in the capacitors could be 
calculated as a function of the secondary (or primary) voltage.  
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Furthermore, the equivalent circuit could be simplified to the 
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Figure 9.  (a) Variables / simplified run of electric flux lines for region R5. 
(b) Definition of variables for region R6. 
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Figure 10.  General equivalent circuit of pulse transformer. 



Pulse Transformer: Parasitic Capacitances – Simplification II 

!  Electrical"fields"#"parasiNc"capacitances"
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"""""+"(NeglecNng"resonance"Lσ /C4)"

"#"Simple"Lσ /Cd'circuit"
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"
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Pulse Transformer: Overshoot / Rise Time 

Simple"equivalent"circuit"

Overshoot"on"the"rising"edge"

VerificaNon"by"measurement"

Design"condiNons"
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Capacitance Calculation with Mirror Charges 

!  Geometry"interpreted"as"mulN6conductor"system"
!  Mirror"charges"for""

6"Core"window"
6"Core"leg"/"tank"wall"

!  Fast"calculaNon">"100x"faster"than"FEM"

Without"mirror"charges"

Multiconductor Systems:��Capacitance Matrix
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Considering"self"inductance"

Mutual"inductance"

Inductance Calculation with Mirror Line Currents 

!  Geometry"interpreted"as"mulN6conductor"system"(line"current)"
!  Current"mirror"method"for"magneNc"surface"
!  Mirroring:"

6"Core"window"#"box"mirroring"
"6"Outside"core""#"wall"mirroring"

!  Fast"calculaNon">"500x"faster"than"FEM"

Multiconductor Systems:��Inductance Matrix

• Geometry interpreted as multiͲconductor system
• Current mirror method for magnetic surface

• Core�window:�box�mirrowing
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• Fast�implementation
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!  AnalyNc"equaNons"for"transformer"opNmisaNon"
!  VisualisaNon"tool"(no"toolbox"required)"
!  Pulse"shape"predicNon"with"non6linear"ODE"
!  Good"matching"with"FEM"&"measurement"

Transformer Parasitics Modelling 



I = k ⋅V 1.5

with"k'="Perveance"
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Pulse Transformer: Damping due to Klystron Load 
!  Klystron6Model:"
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Capacitance: Stored Energy between Windings and Tank 



Capacitance: Influence of Cooling Pipes 

!  Cooling"pipes"close"to"winding""#""Capacitance"%""
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Pulse Transformer: Winding Arrangement 
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Pulse Transformer: Final Design 
!  Core"material:"

"6"2605SA1"
!  Primary"windings:"

"6"3"kV"input"voltage"
"6"Copper"foil,"d"="1mm"

!  Secondary"windings:"
"6"370"kV"output"voltage"
"6"21"Turns"#"17.6"kV"per"turn"
"6"Round"conductor,"d"="3mm"

""



Short Pulse Solid State Power Modulator 

Premagnetisation 
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Premagnetisation – Basic Concepts 
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!  3rd"winding"on"core"
!  DC"choke"+"voltage"source"

""#"Current"source"for"bias"current"
!  AddiNonal"copper"losses"

DC Premagnetisation 
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DC Premagnetisation 



!  Energy"recovery"possible"(magneNzaNon"L)"
!  Pulse6by6pulse"premagneNsaNon"

6"Low"voltage"MOSFETs/Diodes"
6"Choke"for"current"source"behaviour"
6"Low"voltage"source"
6"NegaNve"output"voltage""
"""during"premagneNsaNon"

Improved DC Premagnetisation 
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Active Premagnetisation 

!  No"premagneNsaNon6choke"required"
!  Energy"recovery"possible"(via"DF)"
!  Pulse6by6pulse"premagneNsaNon"
!  NegaNve"VOut"during"premagneNsaNon"
!  Self"regulaNng"(no"supply"required)"



Active Premagnetisation 
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Active Premagnetisation 

!  No"premagneNsaNon6choke"required"
!  Energy"recovery"possible"(via"DF)"
!  Pulse6by6pulse"premagneNsaNon"
!  NegaNve"VOut"during"premagneNsaNon"
!  Self"regulaNng"(no"supply"required)"



Premagnetisation - Comparison 

Passive Advanced Active 
Complexity" Simple/Robust) high) medium)

Components" Voltage)Source)
low)I)/)low)V!

MOSFET/Diode)
high)I)/)low)V!

IGBT)
high)I)/)high)V!

Inductor)
low)I)/)high)V!

Diode)DF,LV!
high)I)/)high)V!

Capacitor)
high)I)/)med.)V!

3rd"Winding" yes) no) no)

Forward"VDF' high)(~)10V)) high)(~)10V)) low)(2V))

Volume" high) high)) medium)

Losses" 7.25)J) 2.38)J) 0.85)J)
Numbers)for)20MW)modulator) 1.45)kW) 476.4)W) 169.4)W)

Passive" Advanced" AcNve"



Short Pulse Solid State Power Modulator 

Bouncer 



!  LC6oscillaNon:"Cc"&"Lc'
6"Inductor"voltage"is"added"to"pulse"
6"SynchronisaNon:"Mid"of"pulse"="T/4"

!  Two"winding"inductor"
""#"AdapNon"to"switch"voltage"

!  Design"room"is"constraint"by"
6"Max."switch"current"
6"Max."switch"voltage"
6"LC6oscillaNon"frequency"
6"Allowed"droop"

LC-Bouncer – Principle of Operation 



LC-Bouncer based on 2-Winding Inductor 



!  Capacitor:"
"6"Capacitance" "1.5µF"
"6"IniNal"voltage "3kV"

!  Inductor:"
"6"Inductance "3.3"µH"
"6"Inductor"core "AMCC6800A"
"6"Dimensions "90x130x70"mm"
"6"No"of"primary"turns "3"
"6"No"of"secondary"turns "6"
"6"Peak"current" "1.7kA"

!  Jimer"of"bouncer"
#"Major"impact""
""""""on"repeatability"

LC-Bouncer – Design Results  



Short Pulse Solid State Power Modulator 

Switching Unit / Gate Drive 
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#"MulN6stage"turn"on"

!  Fast"turn"off"of"IGBT"
#"MulN6stage"turn"off"
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#"Rogowski"coil"
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Abstract—This paper presents the results of short circuit tests

performed with a 4.5 kV press-pack IGBT designed for pulsed

applications and operated at a pulse current of 4 kA. At the

beginning, a short overview on the gate unit, the implemented

gate boosting as well as the two stage turn-off and active clamping

is given. An over-di/dt as well as an over-current detection using

a PCB Rogowski coil is applied in order to protect the IGBT

during operation. Afterwards, two types of short circuit tests

were performed. First, the over-di/dt detection was tested by

turn-on into a short circuit. The tests showed that the over-di/dt
detection reacts very fast. The IGBT was always able to turn-off

the short circuit current. The maximum short circuit current

was 4.4 kA. Second, additional tests by using an auxiliary switch

were made to investigate short circuit events during pulse top.

The IGBT was able to turn-off a maximum short circuit current

of 8.7 kA. The device was able to turn off safely in all cases.

I. INTRODUCTION

In many new solid state modulators, semiconductor switches
are used. The advantage of the semiconductor switches is their
turn-off capability. The disadvantages of these devices are the
lower blocking voltage and lower current rating compared with
other technologies. In order to overcome the latter limitation,
the switches have to be operated at the highest current as
possible. For this purpose a high gate-emitter voltage is
required to achieve a fast rise time and a high pulse current
per switch. This results in a possibly high maximum collector
current during short circuits. If the collector current exceeds
a certain limit, the device will be destroyed.

In order to operate such switches safely, a fast and reliable
short circuit detection is required in combination with a low
inductive setup to turn-off high short circuit currents. To react
on short circuit events as fast as possible, a di/dt detection
has to be used. In [1], such a detection using the parasitic
inductance of the Kelvin contacts of a bonded module has
been introduced.

The gate unit presented in this paper uses a PCB Rogowski
coil to detect short circuits. A Rogowski coil is capable of
measuring a high di/dt with short delay. It offers also a
galvanically isolated measurement of the pulsed current after
integrating the coil output voltage. The low profile allows a
simple integration of the coil in press-pack assemblies and low
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Fig. 1. Structure of the gate unit.

inductive setups. The applied Rogowski coil is described and
analyzed in detail in [2].

This paper presents the results of short circuit tests per-
formed with a press-pack IGBT operated at 3 kV and 4 kA. In
the next section, the used gate unit including the operation
during short circuit turn-off is summarized. Then, a short
overview on the IGBT technology is introduced. Afterwards,
the measurements carried out are presented.

II. GATE UNIT

In the following, the gate unit is described. First, an
overview on the hardware is given. Afterwards, the normal
operation and the operation under short circuit conditions is
discussed.

The gate unit can be structured in the basic blocks as shown
in Fig. 1. An FPGA is used to control the different blocks and
provides status signals.

A. Normal Operation
The turn-on and turn-off stages as well as the status signals

are collector-emitter voltage (vce) controlled. Their operation
depends on the applied vce before the turn-on process starts.
Hence, a track and hold amplifier (THA) is used in order to
store vce before the switch is turned on.

Since a fast turn-on and turn-off is required, the gate unit
uses gate boosting and two stage turn-off including active

vge
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17.5V
16V

S2, S3 on S5 on
vce, ic

t

vce ic

S4, S5 onS1, S2 on

Fig. 2. Gate-Emitter voltage, vce and ic for one switching cycle during
normal operation with an RL-load.

clamping as proposed in [3] and [4]. The normal operation
of these stages will be described in the following.

After the track and hold amplifier is in hold state, the turn-
on process starts. Switches S1 and S2 are closed and all other
switches are opened. When the gate-emitter voltage (vge) is
higher than 16 V, diode D1 is not conducting anymore. This
results in a higher turn-on resistance which provides additional
damping. As soon as vce falls below a certain level or after a
fixed time limit of 1µs is reached, switch S1 opens and S3 is
closed to pull vge to 16 V.

After the switching signal goes low, the normal turn-off
procedure starts. Switches S1 to S3 are opened and S4 as
well as S5 are closed. When vge reaches a fixed voltage, S4

is opened. Hence, the turn-off resistance becomes higher and
the di/dt during turn-off is reduced. This in turn reduces the
peak voltage of vce. The track and hold amplifier is set into
the track state after the switch turned off.

The waveform of vge, vce and ic for one switching cycle
during normal operation is shown in Fig. 2.

B. Short Circuit Turn-Off

As previously mentioned, a PCB Rogowski coil is used
to detect short circuits. To react as fast as possible on short
circuits during the turn-on process, a over-di/dt detection is
used. Since the Rogowski coil provides an output voltage
proportional to the di/dt, the coil signal can directly be used
for over-di/dt detection.

Since the over-di/dt detection is not sufficient to detect short
circuits, the coil voltage is integrated to measure the collector
current. As soon as the measured current exceeds a certain
limit, the gate unit detects the short circuit. The over-current
limit during the performed tests was set to a fixed level.
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t

vce ic
short circuit

S1, S2 on

Fig. 3. vge for one switching cycle during short circuit with an RL-load.

When the gate unit detects a short circuit, the switch
is turned off immediately. At the beginning, the turn-off
procedure is the same as during normal operation. Since vce
rises much faster than during normal turn-off, the propagation
delay of the normal two stage turn-off circuitry is too high.
Therefore, switches S4 and S5 would remain turned on during
the whole turn-off process. This would result in a high vce.
Hence, switch S4 is opened after a fixed time limit (Fig. 3).

III. DEVICE TECHNOLOGY

Fig. 4 shows a cross-section of the used 4.5 kV IGBT chip.
The IGBT utilizes an enhanced planar IGBT cell on the emitter
side and an optimized buffer and anode design on the collector
side.

The enhanced planar cell ensures a combination of low
losses and controllable switching behavior. The low losses
are achieved by the N-enhancement layer, which minimizes
the drainage of holes into the p-base during conduction. In
this way the electron-hole plasma can be enhanced on the
emitter-side of the N-base, which ensures a combination of low
conduction and turn-off losses. The planar cell layout further
ensures a low gate-collector capacitance, which improves the
turn-on behavior of the chip. In this way, the IGBT can easily
be controlled by the gate-unit for a wide range of turn-on
transients.

The buffer and the anode of the IGBT have been carefully
optimized in order to achieve a high short-circuit ruggedness,
which is important in the investigated pulse power application.
During short-circuit, the IGBT has to support the applied DC-
link voltage and at the same time carry a large current. The
current is thereby transported by electrons injected by the
MOS-channel and holes injected by the IGBT anode. In [5] it
was shown that the main IGBT short-circuit failure mechanism

Gate Drive 



!  Short"circuit"inductance:"50nH"

Collector6Emimer"Voltage"
"

Collector"Current"
"

Turn on with existing Short Circuit 



Collector6Emimer"Voltage"
"

Collector"Current"
"

!  Short"circuit"@"50nH"/"2kV"/"500ns...3µs"

Short Circuit during Pulse 



Collector6Emimer"Voltage"
"

Collector"Current"
"

!  Short"circuit"@"50nH"/"3kV"/"10µs"

Short Circuit during Pulse – Long Pulse 



Short Pulse Solid State Power Modulator 

Ultra Precise Charging 



!  Triangular"current"mode"(TCM)"
!  Two"interleaved"converters"
!  Input"voltage" "VIN" "="1.3kV"
!  Output"voltage" "VOut" "="3kV"±"30mV"
!  Output"power" "POut" "="2"x"40kW"
!  Switching"freq." "fS" "="70"–"250kHZ"
!  Repeatability "10ppm"
"

Ultra-Precise Charging Converter 

L1

+
-

Vin Cin Cout vout

D1a

S1n CSn,S1n RSn,S1n

S1a CSn,S1a RSn,S1a

CSn,D1a

RSn,D1a

D1n

CSn,D1n

RSn,D1n

S1

D1



Operating Principle – Charging of Inductor 
!  Interval"T1'

6"Inductor"current"increases"



!  Interval"T2'
6"ZVS"turn"off"of"S1'
6"Resonant"transiNon"
M'CS1"is"charged"to"vout'
6"CD1"is"discharged"to"0"

Operating Principle – Resonant Transition 



!  Interval"T3'
6"Inductor"current"decreases"
6"Cout"is"charged"through"D1'

Operating Principle – Charging of Output Capacitor 



!  Interval"T4'
6"Resonant"transiNon"
M'CD1"is"charged"to"vout'
6"CS1"is"discharged"to"0"
6"CS'="CD1'+"CS1'
'

#"NegaNve'iL'
"

!  Range"of"ZVS"operaNon"is"limited'
'

Operating Principle – Resonant Transition II # ZVS Turn on off S1 



Control – Ultra precise charging 

!  Switching cycles are independent 
!  Cycle-to-cycle feedback control 
!  Required peak current / on-time is calculated for the next cycle 
!  iLp=0..80A  #  Δvout=0..80mV 



Control Hardware – Factors influencing Repeatability 

!  Input"voltage"measurement"SNR"
!  Output"voltage"measurement"SNR"
!  Switch"current"measurement"SNR"
!  ADC"resoluNon"
!  QuanNzaNon"related"errors"
!  DAC"resoluNon"
!  Converter"limitaNons"
!  Finite"resoluNon"in"digital"domain"
!  Switching"signal"jimer"



Precision Analysis: Algorithm 



Charging Precision Analysis – Aim:  ± 0.03V 

!  ADC "18Bit"
!  DAC "12Bit"
!  Jimer "5ns"
!  SNRVmeas "92.5dB"
!  SNRVmeas "60dB"
!  Signal"Delay "260ns"



Short Pulse Solid State Power Modulator 



PFC"/"Charging"Unit" Pulse"Generator" Pulse"Transformer"

Solid-State Modulator with Pulse Transformer & PFC Supply 



! 12"Sub6units"
! 24"Press6pack"IGBTs"

•  12"Main"switches"
•  12"Pre6magneNsaNon""switches"
•  ("1"bouncer"switch")"

! 6"Transformer"cores"

#"Final"tesNng"mid"2014"

System Setup – 127MW / 370kV / 3µs  



Ultra High Precision Klystron Modulators  
for 

Compact Linear Colliders (CLIC) 

Medium Long Pulse Modulator 
(~ 100µs) 



!  Pulse"voltage" "180kV"
!  Pulse"power "35MW"
!  Pulse"duraNon "140µs"
!  RepeNNon"rate "50Hz"
!  Rise/fall"Nme "3µs"+"5µs"semling""
!  Max."pulse"droop "0.85%"
!  Reproducibility "10ppm"
!  System"efficiency ">"90%"

CLIC System Specifications 



Modulator System - Overview 



!  Interleaved"buck6boost"converter"with"short"circuit"switch"
!  Voltage"levels:" ""

6"Vmain""="3kV"
6"VB,In" "="450V"
6"VB,Out""="0"–"300V"""
""""""#""10%"drop"in"main"capacitor"

!  Aim:"10ppm"repeatability"
"#""<"5"ppm"ripple"induced"by"bouncer""
"#"246fold"interleaving"("4"x"6")"
" "#"EffecNve"ripple"frequency"up"to"2.4"MHz""
" "#"Parallel"redundancy"

Active Bouncer Topology 



Operation Principle – Before Main Pulse  
!  Ramp"up"before"main"switch"is"closed:"

6"Cb,out"is"shortened"
6"Current"in"Lb"increases"
"



Operation Principle – Output Pulse  
!  Interleaved"buck"operaNon"during"pulse:"

6"fswitch"="100kHz"
6"im'="ib+"im"



Operation Principle – After Main Pulse  
!  Resonant"transiNon"Cb,out'&"Lb""

"



Operation Principle – After Main Pulse   
!  Interleaved"boost"operaNon:"

6"fswitch"="20kHz"
!  Final"discharge"of"Cb,out'
!  Pulse"pause"



!  Stored"energy"in"inductances"is"kept"constant"
#"Lequal'="const.""

#"LPh"&"with"#"of"interleaved"stages"N'

!  Per"phase"equal"L"values"'

!  Current"ripple:"

!  Ripple"frequency:"

#"Output"voltage"ripple: 

Ideal Interleaving 

IRip ~
1
N 2

VRip ~
1
N 3

fRip ~ N

LPh1 = LPh2

LPh ~ NLs



!  Analysis"in"Nme6domain"for"each"switching"period"
!  Component"tolerances"are"considered"
!  Jimer"of"switches"are"considered"

!  AssumpNon:"Inductance"values"measured"at"start6up"
! Worst"case:"

!  All"others:""

Interleaving with Tolerances 

L1 = 1+ x%( )L

L1 = 1− x%( )L



Current"ripple"to"output"voltage"

Interleaving with Tolerances – System Transfer Function 
!  IdenNficaNon"of"system"transfer"funcNon"

6"Incl."freq."dependency"of"Rwinding""
6"Incl."tolerances"in"parasiNcs""

!  Tolerance:"worst"case""
!  Switching"jimer:"5ns""
! Most"unfavourabel"configuraNon"chosen"
!  Component"tolerances"of"15%"

#"6"interleaved"modules"



Gate"supplies"

Control"board" Voltage"measurements"

Short"
circuit"
switch"

Current"measurement"

High"side"
switch"

Low"side"
switch"

!  Switching"frequency" "100kHz"
!  Pulse"current"per"module" "700A"
!  Bouncer"efficiency "91%"

"#"System"efficiency"$  60.45"%""
!  Bouncer"volume "10.4"dm3"

!  Total"losses "2307W"

Active Bouncer Prototype 



Modulator System - Efficiency 

!  Energy"in"klystron"in"case"of"arc"
"<"10J"(without"cable)"

!  Efficiency"≈"91%"
!  Final"tesNng:"2015/2016"



Resonant DC-DC Converters 
for 

Long Pulse Klystron Modulators 

Long Pulse Modulator 
(> 1ms) 

European Spallation Source (ESS) 
(Lund) 



Solid State Long Pulse Modulator 

!  Pulse"power" " "2.88MW"
!  Average"power " "133kW"
!  Efficiency " "ɳ'≥'90%"
!  Pulse"width " "TPW'="3.5ms"
!  Pulse"voltage " "Vout''="115kV"
!  Pulse"repeNNon"rate""" "PRR''='14Hz"
!  Rise/fall"Nme ''' 'TR"/"TF'"≤"150µs"""
!  Short"circuit"energy "EArc'"≤"10J'



Solid State Long Pulse Modulator – Resonant Converter 

!  Switching"frequency">"resonance"frequency"
#"So{"switching"for"all"MOSFETs"(ZVS)"
#"High"efficiency"

!  Inherent"limitaNon"of"short"circuit"current"

!  Switching"frequency "~100kHz"
! Module"input"voltage "400V"
! Module"output"voltage "14.4kV"
! Module"pulse"power "180kW"'



Global Optimisation 

!  Pulse"power" " "2.88MW"
!  Average"power " "133kW"
!  Efficiency " "ɳ'≥'90%"
!  Pulse"width " "TPW'="3.5ms"
!  Pulse"voltage " "Vout''="115kV"
!  Pulse"repeNNon"rate""" "PRR''='14Hz"
!  Rise/fall"Nme ''' 'TR"/"TF'"≤"150µs"""
!  Short"circuit"energy "EArc'"≤"10J'



Thermal Transformer Model 

Rth"between"Turns"

!  Thermal"equivalent"network""
!  Core/winding:"Heat"conducNon"
!  Novel"models"for"solid"&"litz"wire"



Insulation Design Procedure 

!  E6field"#"Charge"simulaNon"method"
!  Turns"#"Line"charge"
! Modeling"of"arbitrary"configuraNons"
! Maximum"E6field"esNmaNon""



Transformer/Inductor Design Tool (E-/H-Field) 



Simulation Results: Single Module 

Resonant"circuit"parameters"

Vout""="14.4kV" Ls"""="5.1µH"

Iout"""="12.5A" Cs"""="0.837µF"

Pout""="180W"" Cp""="2.58nF"

f'""""""="100kHz" n""""="18"



Resonant"circuit"parameters"

Vout""="115kV" Pout""="2.88MW""

Iout"""="25A" f'""""""="100kHz"

Simulation Results: Complete System 



Prototype System 
!  SpecificaNons"

!  VOut"="14.4"kV"
!  IOut""="12.5A"
!  POut"="180kW"

!  Constraints"
!  Flux"density" " "%"150mT"
!  Core/Wdg."temperature"" "<"120°C"
!  Max."electrical"field" "<"15kV/mm"
!  Leakage"inductance" "="5.1µH'

Measurement"Results'



Series Resonant Inductor 

Toroidal"Air"Inductor"

! Winding "N" "="12"
!  Litz"wire "8"x"2000"x"0.05"
!  Losses "54.06"W " ''''''''''''''''
! Dimensions "da '="152"mm"
" " "h"""="180"mm"

!  Volume "3.3"liter"
"



Results: Rectifier and Parallel Capacitor  

!  #"of"diodes "156"
!  Diode"type "APT40DQ120SG""(D3PAK)"
!  #"of"capacitors "624"
!  Capacitor"type "100nF"NPO"SMD"2220"
!  Total"losses "123"W ""
!  Dimensions "l""="375"mm"

"t""="100"""mm"
"h"="235"""mm"

!  Volume "8.8"liter"
!  PCB"test "20kVDC""



Performance DC-DC Converter 



Solid State 
Bipolar Pulsed Voltage Source 

for 
Kicker Magnets 



Specifications 

Max.)Current) 5600) A)

Inductance) 38) μH)

Pulse)Dura]on) 600) μs)

Rise)/)Fall)Time) 100) μs)

Charge)Dura]on) 100) ms)

Max.)Current)Gradient) 56) A)/)μs)

Min.)Voltage)VL! 2128) V)

Inductor)Pulse)Energy)EL! 595) J)

Resistor)Pulse)Losses)ER! 15.5) J)

•  Low"ripple"
•  High"reproducibility"



Bipolar Pulsed Voltage Source (BiPuVoSo) 

•  2"level"inverter"system""
#  Fine"current"adjustment"
#  Loss"compensaNon"
"

• Modular"marx6type"mulN6level"system"
" "#"Coarse"current"adjustment"



A BiPuVoSo Module in Detail 

•  2"level"inverter"system""
#"Interleaving:"Ripple"current"reducNon"
"

• Modular"marx6type"mulN6level"system"
" "#"H6Bridge:"Bipolar"output"voltage"



Principle of Operation 

• 2"level"inverter"system"
" "6"Small"output"current"ripple"

• Ripple"reduced"by"
" "6"Interleaving"of"6"inverters"
" "6"Output"capacitor"Cout'"
" "6"AdapNve"pre6control"for"VLoss'''"
• Modular"marx6type"mulN6level"system"
" "6"Generates"high"inductor"voltages""
" "6"Enables"fast"current"transients"



Simulation Results 

•  SimulaNon"of"current"pulse"
" "6"Flat"top"current"deviaNon"of"2.7A"(0.15%)"
" "6"RepeNNon"accuracy"of"0.19"A"(1.025"~"1064)"

• Only)controller)devia]ons)
•  No)jiaer)effects)respected)
•  No)measurement)errors)considered)

"

•  Interleaved"buck"converter""
"""""""#"Balanced"currents"
" ""



Charging Converter  

• Novell"converter"concept"

• Galvanic"isolaNon"

• AC"input"

• MulN"DC"output"

• Benefits"
– Compact"
– High"efficiency"



Charging Converter  

• Novell"converter"concept"

• Galvanic"isolaNon"

• AC"input"

• MulN"DC"output"

• Benefits"
– Compact"
– High"efficiency"



Capacitor Ci

Bipolar Modular Multi-Level 
Marx-Type Converter

Buck Converter System
410 mm

880 mm

1107 mm
Buck Converter Module
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Current Source for Kicker Magnet 

•  3.8kA"pulse"current"
•  400µs"pulse""
•  38µH"inductance"


