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Summary

To accelerate the development of the wideband power amplifier for the LHC transverse damping system a computer simulation was made using Microsim® PSpice® software. A newer technique of creating vacuum tubes models was developed, on the basis of which a model for the Siemens RS2048-CJ tetrode was made. Results of the amplifier circuit simulation show very good agreement with measurement results on the prototype hardware, both in time domain analysis as well as in frequency domain analysis. 

1. Introduction

Within the framework of the transverse damping system for the LHC, the wideband power amplifier and electrostatic deflector, which is the amplifier load, are being developed in JINR. Main parameters of the amplifier are:

Amplitude of signal between plates of the deflector: ±7.5 kV in a frequency range from 3 kHz up to 1 MHz.

Smooth slope of the frequency response with a -6 dB/octave rate up to 20 MHz.

Simulations of possible variants of the power amplifier electrical circuit were made using MicroSim® PSpice® software. This allowed minimising of system development time and optimising of the circuit characteristics.

This report presents a new method of modelling vacuum tubes for Microsim® PSpice®. Accuracy of the model was experimentally tested on the wideband amplifier based on Siemens RS2048-CJ tetrodes.

2. Simulation of the amplifier using MicroSim® PSpice®
2.2. Main goals of the simulation

The main task of simulation is to derive values for the circuit elements to reach the required parameters of the system, analysis of amplifier stability and the influence of parasitic elements. An Additional task is to determine the necessary parameters for the power supply systems of the amplifier.

The main problems faced when simulating with PSpice® are:

1.
Creation of adequate models (equivalent circuits) for all circuit elements.

2.
Taking into account all parasitic circuit elements, such as mounting capacities and inductance of connectors.

Figure 1 shows one half of the push-pull amplifier circuit. This is a classical variant of the system, working in class AB on a reactive load (an electrostatic deflector). Most components are “primitives” in PSpice(. The models of the Siemens RS2048 tetrodes and for the water-cooled resistors have to be created for the simulation.
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Figure 1     Circuit of the power amplifier (one half).

2.3. Creating the RS2048-CJ vacuum tetrode model.


[image: image2.wmf]Cac

g

c

g2

a

Iscreen

Igrid

Rin

Ianode

Cg2a

Cg2g

Cg2c

Cga

Cgc

Anode

Screen grid

Grid

Cathode


Figure 2     Equivalent circuit of a tetrode.

Figure 2 shows the equivalent circuit of a tetrode with all inter-electrode capacities. A major problem of model creation is the correct description of the active circuit elements - anode and grids currents sources. Generally, Ianode and Iscreen are functions of V(a,c), V(g,c), V(g2,c) voltages, and Igrid is function of V(g,c) and V(g2,c). Two variants of tube behaviour description are possible, firstly:

Using the characteristics of the tube – transconductance S, internal resistance Ri, amplification factor of the second grid relative to control grid (21. In this case the description of the anode current source Ianode is simplified,  

	


	(1)


This model is correct for a small signal with fixed values of voltages Vanode, Vgrid, Vscreen, in which the parameters are measured. However, it is not suitable for optimisation of the bias point and it does not allow correct dimensioning of circuits. It can be used for frequency analysis only. 

The second way uses numerical data from the current nomograms, which are provided by the manufacturer of the tube. This model is free of the disadvantages of the previous one. It allows making AC (frequency domain), DC, as well as transient (time domain) analysis, and it also can be used for calculations of  non-linearity.

For simulation of the amplifier a model of the Siemens RS2048-CJ tetrode was created using the second method. The technique of the model creation is described in the following.

Modelling the anode current.

The simplified representation: Ianode=f (V (g,c)). 
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Figure 3     Simplified model of the anode current source.
In this model the anode current depends only on the control grid voltage and does not depend on anode and screen grid voltages (Figure 3). This model is accurate only for the case of small signals, when the deviation of the anode voltage is insignificant and does not produce considerable change of the tube characteristics.

2) 
The improved model of the anode current source: Ianode=f (V(g,c), V(a,c)).
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Figure 4     Improved model of the anode current.

In the case of large signals, the anode voltage V(a,c) variation produces a large change of the anode current. To introduce the dependence of the anode current on the anode voltage we have to make interpolating functions Ianode=f(V(g,c)) for different values of the anode voltage (Figure 4). Note that the anode currents for different anode voltages differ not only in magnitude, but also on the displacement relative to the origin of the coordinates. This displacement determines a so-called cut-off voltage, at which the anode current practically equals zero. The dependency of the RS2048-CJ tetrode cut-off voltage on the anode voltage for a fixed screen grid voltage Vscreen=800 V is shown in Figure 5.
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Figure 5     Cut-off voltage of the  RS2048 tetrode.

First we have to make an interpolation function of the cut-off voltage for the fixed value of the screen grid voltage Voff=f(Vanode) (Figure 5) using nomograms of the anode current. The calculation of the anode current for an arbitrary value of the anode voltage Vanode1<Vanode=V(a,c)<Vanode2 is shown in Figure 6:

a) We have the known anode current functions Ianode1(V(g, c)) and Ianode2(V(g, c)) for values of the anode voltage Vanode1 and Vanode2 obtained by interpolation of the tetrode anode current nomograms. 

b) Then we calculate the value of the cut-off voltage for the given anode voltage Vanode using the interpolation function Voff previously obtained. 

c) The next step is to shift Ianode1 and Ianode2 to the origin of coordinates. We can compute the function Ianode as a linear interpolation of the functions Ianode1 and Ianode2 depending on the anode voltage. 

d) Then we have to shift the obtained function Ianode to the value of the cut-off voltage.
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Figure 6     Calculation of the anode current for an arbitrary anode voltage.
Thus, the formula for the calculation of the anode current for an arbitrary anode voltage is:

	


	(2)


where Vanode1 < Vanode < Vanode2; 

Ianode1, Ianode2 - known interpolation functions of the anode current for anode voltages Vanode1, Vanode2; 

Vgrid=V (g, c) - voltage of the control grid;

Voff - interpolation function of the cut-off voltage;

TABLE - PSpice function of linear interpolation: y=f (x) =TABLE (x, x1, y1, x2, y2... xn, yn), where x1, y1... xn, yn are given pairs of values. [2]

This way of calculation gives correct values for the anode current as well as a cut-off voltage for arbitrary anode voltage.

3) Introduction of the dependence of the anode current on the screen grid voltage: Ianode=f(V(g,c),V(a,c),V(g2,c)).

At first it is necessary to make an interpolation function of the cut-off voltage Voff=f(Vanode,Vscreen):
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where Vscreen1 < Vscreen < Vscreen2;

Voff1(Vanode), Voff2(Vanode) - interpolation functions of cut-off voltages for fixed values of screen grid voltages Vscreen1, Vscreen2 and anode voltage Vanode.

The anode current for an arbitrary value of the screen grid voltage V(g2,c)=Vscreen is evaluated as follows:

a) We start with known functions of the anode current Ia1(V(g,c),V(a,c)) and Ia2(V(g,c),V(a,c)) calculated for screen grid voltages Vscreen1 and Vscreen2 using formula (2). 

b) Then we compute a value of the cut-off voltage Voff(Vanode,Vscreen) for the given value of the screen grid voltage Vscreen using formula (3).

c) Then we shift Ia1 and Ia2 to the origin of the coordinates. The function Ianode can be computed as a linear interpolation of functions Ia1 and Ia2 dependent on the screen grid voltage. 

d) Finally we have to shift the function Ianode to the value of the cut-off voltage:




where Vscreen1 < Vscreen < Vscreen2;

Ia1, Ia2 - functions of the anode current calculated for Vscreen1 and Vscreen2 using formula (2).

Note that for small values of anode voltage Vanode < Vscreen the anode current is equal to zero irrespective of control grid voltage Vgrid.

Modelling the screen grid current. 

Modelling the screen grid current is easier than modelling the anode current because there is no cut-off voltage. It is more convenient at first to make the interpolation Iscreen=f (Vanode) at fixed voltages Vgrid using nomograms of the screen grid current. Then we can introduce the dependence on the control grid voltage Iscreen=f(Vanode,Vgrid) by linear interpolation. The last step is to enter the association of the screen grid current with the screen grid voltage Iscreen=f(Vanode,Vgrid,Vscreen), also by linear interpolation.

Modelling the control grid current.

The control grid current does not depend on the anode voltage, therefore the relation Igrid=f (Vgrid,Vscreen) can be obtained similarly by interpolating sequentially Igrid=f (Vgrid) 
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Igrid=f (Vgrid,Vscreen).

Filament modelling.

The RS2048-CJ tetrode is a tube with direct heating, which can be described by the equivalent circuit shown in Figure 7. This circuit allows simulating the influence of filament supply asymmetry to anode and screen grid currents. The introduction of the dependence of anode and grid currents on filament voltage is not useful, as the time steps in the computations are for most cases is smaller than a period of the filament voltage (50 Hz).




Figure 7     Equivalent circuit of the RS2048-CJ tetrode filament.
2.4. Model of the water-cooled resistor.

The equivalent circuit of the water-cooled resistor obtained by measurements is shown in Figure 8. The resistor is made of several insulated ceramic boards with resistive layers in printed circuit technology. In the sandwich structure a thin stainless steel plate with channels for water flow provides the necessary cooling of the ceramic plates. CW power losses can be up to 7 kW (120W/cm3) at 5 kV operating voltage. The parasitic elements of the model consist of a distributed capacitance (22p in series with 55 Ohm) and a series inductance (3.6 MicroH). One resistor block with two 360 Ohm resistors inside was used. The center tap allows the connection of 3 resistor blocks in a way to obtain 3x360=1080 Ohm/tetrode in a symmetric circuit. The resistor can also be used with connections 1 and 3 tied together in which case the outer capacitance of the case (12p) is suppressed. The series inductance could be further reduced, however in the overall circuit it compensates the kicker capacitance partially at low frequencies (up to a few MHz) and is therefore beneficial. The circuit model of Figure 8 works well up to 60 MHz. At higher frequencies the distributed nature of the resistive layers has to be taken into account. This leads to a more complicated circuit model. For the present amplifier with its maximum operating frequency of 20 MHz it is sufficient to use the model up to 60 MHz (3rd harmonic). 
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Figure 8     Equivalent circuit of water-cooled resistor.
2.5. Computer simulation of the wideband power amplifier.

The circuit of the amplifier is shown in Figure 1. Using the models for all circuit elements and we can make a simulation of the amplifier and optimise the parameters. Basic steps of simulation are:

AC (frequency domain) analysis allows determining the anode resistor value to obtain necessary power bandwidth. 

Transient (time domain) analysis allows computing the optimum amplifier bias point for reaching the necessary output signal level, calculation of system non-linearity and defining the necessary parameters of the power supplies.
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Figure 9    Gain.
	[image: image11.emf]  0

-100

  -300

Phase shift, degree

Frequency, MHz

0.03 0.1 1 10 60 20

-200


Figure 10 Phase.


A prototype of the amplifier and the kicker was built and its characteristics were measured using a network analyser. Simulated and measured gain and phase frequency characteristics of the amplifier are shown in Figure 9 and Figure 10. Simulated characteristics correspond very well to the measured characteristics. The difference can be seen only at very high frequency where it is impossible to take into account influence of all parasitic elements. The prototype used 1080 Ohms of resistance in the anode circuit. As a result of the simulation the resistance will be lowered for the production series in order to obtain the correct power bandwidth.  
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