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IN THRUSTER DC-DC CONVERTERS
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Abstract. The engineering method of calculating parameters of commutation unit at the
stage of designing thruster converters is considered.

Operability and energy performance of thruster dc-dc converters (TDC) are largely
determined by the electrical scheme of the commutation unit (CU), the structure of which
significantly affects the shape and properties of output pulses.

Improvement of the energy performance of the CU is achieved by forming a switching
current pulse of rectangular shape, which can be accomplished in various ways. One of the
methods is based on the fact that the alternating current of rectangular form is represented by the
sum of harmonic components with numbers K=1, 3, 5, 7... and amplitudes decreasing
proportionally to the harmonic number [1].

The second method consists in the fact that the CU is made in the form of an artificial
long line. The advantages of forming long lines over the oscillating LC-loop have been identified
and evaluated in [1, 2] and are mainly reduced to stabilization of thruster turn-off time, reduction
of voltage level and pulse load on semiconductor devices due to the possibility to form a current
pulse of trapezoidal shape.

To the disadvantages of multilink forming long lines should be attributed the need to use
capacitors at full voltage and high values of the rate of rise of current and voltage, which requires
the introduction of a saturation choke in the thruster circuit.

Free from these disadvantages is the CU with corrective links (Fig. 1).

We propose an engineering method for calculating the parameters of the CU with
corrective links at the stage of designing the TDC, in which the main thrusters are covered by
counter-parallel diodes.

The converter for power supply of auxiliary circuits of traction aggregates can serve as an
example of such TDC.

Significant factors affecting the performance of the TDC should be considered as the time
t, provided by the circuit for switching off the thrusters; the switching capacity coefficient K ,
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which is the ratio of the amplitude of the current overcharge current of the switching capacitor to
the amplitude of the current flowing through the switched device before the commencement of
switching; the rate of rise of direct current di/dt and voltage du/dt .

The calculated values of the above factors are mainly determined by the parameters of the
forming circuits, which include switching capacitance and inductance. Calculation of the latter,
in turn, is carried out taking into account the passport data for the corresponding semiconductor
devices. Therefore, one of the important tasks in estimating the parameters of the CU with
corrective links is to determine the quantitative composition of the links, since this index
combines all of the above values [2].

The process of capacitor C, discharge in a circuit of the form (Fig. 1) is described by a

system of differential equations:

A U U e —Ug
dt L() CU L() C] LO Cn
&z_Li. (1)
dt Co
dt J’ & b
&,

with initial conditions:

Y

Fig. 1. Scheme of the CU with corrective links

141



)

The system of equations (1) with initial conditions (2) was solved by the operator method
using the linear algebra apparatus and the method of mathematical induction. As a result of the
solution, analytical expressions of the switching current in the n-link switching node were

obtained

i[t] =LIJ_,_;)|<Z_] z,sin [-ay -t 3)

and voltage on the switching capacitor C,:

T

Uy "
Lo «

|k 1-cos ,—ak ‘1, (4)
1 '_ak

where

byaf +b, op ™ +b, o+
2[n+1}1
n+2
(—lj A (n+1j - +

—+boy +hy

Zk:

2n-1

n+1
+(—1J an| — ’—ock +
sin ,—ak -t

n—j+l 2(n—j]—1 2
[—lj a,_j (n—j) —0y +(—1) a [—oy
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and the coefficients a, b, k=1, n+1, depend on the parameters L;, C;, k =1,n; a, k=1, n+l —
roots of the characteristic polynomial of the denominator; n — number of correcting links.
However, the current pulse described by expression (3) has a trapezoidal form not at any ratio of

parametersL;, C k=1,n. Therefore, such ratios between LC the parameters of the form

jo
C; =V;Cy, Lj=WLy, j=1n were found so that the switching current in the n-link switching
node had a trapezoidal form.

The problem of determining the optimal coupling coefficients V;, W;, j=1,n was solved

by minimizing by simplex method the function equal to the ratio of areas F,/F,, where F, — the

area of a rectangle, one side of which is equal to the maximum amplitude of the switching
current, and the other - the half-period of current oscillations; F, — the area of a curvilinear

trapezoid formed by the curve of the current pulse at some values of parameters V;, W;, j= Ln.

The calculations led to the following results:

n=1 v, =0,667 w, =0,313
n=2 v, =0,637 w, =0,332

v, =0,331 W, = 0,068 (5)
n=3 v, =0,592 w, =0,071

V, =0,649 W, = 0,386

V, =0,566 W, = 0,040

The plots of current pulses plotted according to the obtained results are shown in Fig. 2.
The current-circuit curve is plotted there as an example.

The choice of a rational composition of the switching unit with corrective links is carried
out on the basis of the analysis of real pulses, plotted according to the calculation results for n=
1,2, 3.

For convenience of comparison and estimation of duration of the studied pulses, the latter
were analyzed in relative units assuming unchanged values of capacitance C, and inductance L.

The analysis of the obtained curves showed that in order to rationally use multilink
structures of the switching node, it is advisable to include in its composition one corrective link,
the parameters of which are related by relations (5). The use of a greater number of corrective
links is inexpedient, as it does not lead to significant changes in the parameters and shape of the
pulse, as well as is not rational for design and technological reasons. Moreover, the efficiency of
using the switching unit with corrective links increases with the decrease of the calculated value
of the switching capacity coefficient K. Therefore, the reserve for the amplitude of the forward

current of the main thruster contained in the numerical value of K, , for the switching unit with

corrective links can be reduced to 1,1 compared to 1,5 for the LC -circuit.
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Fig. 2. Graph of current pulses
To ensure reliable switching in an inverter, it is necessary that the time allowed for the
thruster to regain electrical strength is greater than the minimum allowable time. Therefore, an
important characteristic of the switching process is the recovery angle ot, . In this connection, an
expression for determining the recovery angle of valve thrusters commutated by the CU with
corrective links for n=0,1,2,3 at a given value has been obtained K,

ot =3,14+1,065n+1,315n% —0,37n’ —

—| 2-0,84n+1,35n? —0,28n3]L. (6)

cr

To illustrate the effectiveness of expression (6), the solid line in Fig. 3, the solid line
shows the shape of the current pulse plotted according to the trigonometric polynomial for n=1,
and the dots show the values of the pulse edge and cutoff calculated by formula (6).
Here is also shown the experimental curve obtained on the 8 kW voltage converter for power
supply of auxiliary circuits of the traction unit. Input voltage is U,, =110V, load current is I, =50
A, parameters of the switching unit: C, =0,68C,, L, =0,313L,. Good convergence of the results of
calculation and experiment allows us to recommend the expression (6) as the initial one when
calculating the circuit time of thrusters switching off by the switching unit with corrective links.
Expression (6) is also valid for the usual LC -circuit (n=0).

To calculate the switching capacitance C, and inductancel,, as well as the parameters of

the correcting links n obtained the following expressions:
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(- U i A= 2
KCF
where t; — passport time of thrusters switching off; 1, —load current; U, — input voltage.

The values of coefficients A, B, z, k; and k, are summarized in the table.

Table 1. The values of coefficients A, B, z, k;, k,

n 0 1 2 3
A 3,14 5,15 7,57 8,18
B 2 2,22 3.4 3.8
- 0,695 0,695 0,642
K, - 0,40 0,18 0,17
k, — 1,31 1,40 1,50

Calculations and experiments have shown that it is sufficient to include one corrective
link with parameters related by the following relations: C, =0,667C,, L, =0,313L,. The use of the

CU with a corrective link makes it possible to obtain a switching current pulse of trapezoidal
shape. In this case the circuit time of thrusters switching off is stabilized, the amplitude of
switching current is reduced by 1,5 times, that increases the switching stability of the converter
and improves its energy performance.

VK.,

0,25 et = S -
L ] - ~

7 45.925in(0.0440)+6.24sin(0.136) \:

025 T T
/ +0,60sin(0,36¢) \\
0,25 ,/

0,25 / \\
A

0 10 20 30 40 50 60 70 ¢
Fig. 3. Current pulse shape, plotted according to trigonometric polynomial for 1, and dots -

values of the pulse edge and cutoff, calculated by formula (6).
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