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Abstract. During the tests of the spacecraft electrical systems there is a need
for simulators of individual parts of the spacecrafts, in particular, solar array
simulators (SAS). One of the topologies of medium and high power SAS
simulators has dual control of consumed power and contains series or parallel
connected linear and switching regulators. This topology allows to provide
wide bandwidth and high efficiency, but the range of the resistance change of
periodically switched SAS load is limited to the value of the stabilized
attribute. Nonlinear compensator (NC) allows to reduce the average feedback
voltage of the switching regulator in case of periodic load switching, which, in
turn, allows to increase the average value of the stabilized attribute. The
describing function method provides a mathematical description of the NC
electrical circuit, which allows to select parameters of NC that eliminate the
excitation of self-oscillation based on the SAS load switching frequency range
and to study the switching regulator stability.

1. Introduction

Validation of electrical systems characteristics of models and experimental prototypes of
the spacecraft's requires performing the special electrical tests. During these tests, as power
supply sources is used devices that reproduce (with a specified error) the desired static and
dynamic characteristics of the real primary power sources, in particular, solar arrays. Such
devices are calling solar array simulators (SAS) [1-5]

The quality of ground-based tests is determined by the properties of used simulators,
namely:

e accuracy of reproduction of static (current-voltage characteristic) and dynamic
(internal impedance) characteristics of the actual solar array;

e performance properties of simulator, such as the possibility of uninterrupted operation
and the possibility of durable operation in maximum loading conditions.

The most promising topology of medium and high power SAS at the moment is topology
with dual control of consumed power which contains series or parallel connected linear and
switching regulators [6].

A linear regulator (LR) in the SAS may be connected in series (Fig. 1a) or in parallel (Fig.
1b) with the load. The LR provides the desired characteristics of a real solar cell (current-
voltage characteristics and impedance) and a switching regulator (SR) limits the power that
dissipate the LR by stabilizing the LR voltage (series connection) or by stabilizing the LR
current (parallel connection).
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Figure 1. Block diagram of the SAS with dual control of consumed power: (a) series
connection, (b) parallel connection. PS — power supply, SR — switching regulator, SRFC —
switching regulator feedback circuit, NC — nonlinear compensator, LR — linear regulator,
LRFC — linear regulator feedback circuit, VS — voltage sensor, CS — current sensor, L — load.

This topology combines the advantages of simulators containing only one regulator.
Simulators based on individual linear regulator allow to achieve high performance rates and to
ensure the accuracy of desired dynamic characteristics. Simulators based on individual
switching regulator allow to achieve high values of efficiency and good weight/size ratio.

However, simulators with dual power control has problems with a broadband load
switching. Since performance of the SR is considerably slower than performance of the LR,
during the process of load switching from open-curcuit mode to short-curcuit mode there is a
possibility that the LR will stop operate in the active region, which will lead to deterioration
of the quality of electricity at a load.

In [7] was proposed the method of improving the quality of SAS operation by introducing
a nonlinear compensator (NC) in the SR feedback loop. The NC belongs to the class of
dynamic compensators, since the effect of its introducing becomes significant only during
transients. During steady state (constant load resistance) stabilized LR attribute remains
unchanged.

The purpose of the NC introduction in the feedback loop of SR - reducing the average SR
feedback voltage in the case of a periodic load switching, which, in turn, will lead to an
increase in value of the stabilized attribute:

e voltage across the LR — in series type simulators;

e current through the LR — in parallel type simulators.

Increasing the value of the stabilized attribute allows the LR to remain in active mode for
a wider range of periodically switched resistance of SAS.

The NC may be made as a RC-circuit whose resistance R is shunted by diode VD
(figure 2).
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Figure 2. Circuit diagram of the nonlinear compensator.
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A capacitor C charges with time constant T, =RC and discharges through a diode VD

_ _RRp

with time constant T, =R,C, where R, = RTR, R, — differential resistance of open
+ D

diode.
In this circuit R, R, so the discharge time constant T, is much smaller than the

capacitor charge time constant T..Consequently, the average voltage across the capacitor

decreases with a periodic load switching, which increases the average value of the LR
stabilized attribute and increase switching load range, wherein the LR remains is in active
mode. Thus, the introduction of the NC improves performance properties of SAS.

2. Mathematical description of solar array simulator with the nonlinear compensator
One of the common methods for the study of nonlinear systems is the describing function
method [8-10]. This method allows to study the stability of the nonlinear system described by
differential equations of any order.

The nonlinear system represented as a feedback connected linear part of whole nonlinear
system and a nonlinearity. Assume that the signal at the input of a nonlinear system V,, (@) is

sinusoidal with constant component V,, :
4, =(27)"" explik 7). (1)
where ¢ =w-t — phase angle, @ — frequency, t — time, A — the amplitude of the harmonic

component of the input voltage.
Without the diode VD, output V.. (s) related to input V, (S) voltage of the NC as the first-

order transfer function of with a time constant T, =RC :
V.. (s) 1
Gy (s) =2~ = . 2
e (S) Vi (s)  T.s+1 @

The transfer function (2) corresponds to the absolute Value|GNC(jd)|: R(d), and the

argument G, (d) =¢,(d):
1

R(d) =[G (jd)| = , 3
(d) =[Gy (id)] e 3)
2y(d) =argG(d) =—tan"(d) , (@)

where d =@ T, —normalized frequency.

Consider the mathematical description of the NC under asymmetric fluctuations of the
input voltageV, (@), assuming that diode is an ideal switch. The input voltage source has the

following parameters: A=8V, U, =20V . The input voltageV, , the output voltage of the

In>

nonlinear compensator V,

L and the output voltage of RC circuit V ;. are shown in figure 3.

The figure shows that:
e the output voltage of the NC - non-sinusoidal periodic function with period of 2;

e voltage v, in the intervals 0<@<Z and 27 —¢, <@ <27 is describing by input

signal expression (1), where ¢ (d) — angle of switching.
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Figure 3. The nonlinear compensator voltages.

An analytical expression that describes the output voltage Vv, (@) in the interval

Z<@<2r—¢, can be found from the differential equation of the NC for nonzero initial

conditions and input voltage (1):

Vout (p) =

V, - A-sin(p), if 2zn< ¢;s%+2ﬁn

V,—A-R(d)-sin(p—p,)— A-1—R(d)-cos(p,)) -6 ¢ - ®)

if %+27Z’ﬂ£§0£27[(n+1)—(01

V,—A-sin(p), if 2z(n+1) —@, <p<27(n+1)

Switching angle ¢, (figure 4) can be found numerically from the equation:

sin(p)+e ¢ _ R(d)-sin(p,) 6)
cos(¢,) 1-R(d)-cos(g,)
\ oi(d),
i§

3,, \ d, rad
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Figure 4. Normalized phase response of ¢;(d).
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Constant term of the output voltage V, (V,, A,d) and describing function H(V,, A d) of
the NC can be found according to the describing function method:

v;<vo,A,d>=iTvm<¢)d¢, ™
ReH (Vo Ad)=— j i (9)-sin(@)dg, ®)
ImH (v, A d)=— f Vou () -cos(@)dgp, (©)

From the expressions (5) and (7-9) can be found expression for constant term of output
voltage V, (A @,V,) (10) and for the describing functions H(A ®,V,) (real (11) and
imaginary (12) parts) in closed form:

VoV A d) =V, - AR i) - A cos(e) - AR o5 )
27 27 10)
A R(d)cos(«po»{ i —1} |
1 1 R@) 3z ) _R()..
ReH (V,, A d) 2 .0 o, COS(%)(2 qolj n sin(g, +2¢,)
_R(d) R?(d)d

Sln((ﬂo)+i5m(2 ?) - (1-R(d)cos(g,)) . (11)

3
P!

(1- R(d)COS((po))(cos((pl)—isin(%))e d

2
R (d)d
V3

ImH (V,, A, d)——4—+ Rz(:)sm(%)(%—(plj R4( )COS(¢0+2¢1)

R(d) R*(d)d”
4

= sin(p) - sin(@a)+ 1-R(@)cos(p,). (12)

3
)

- R(d)cos@o»(sin(wl)+§cos(<o1)j-e‘ ;

2
L R(d)d
T

The expression (10) shows that the constant component V, depends on the constant
component V,, input signal amplitude A and the normalized frequency d . The expressions
(11) and (12) show that the describing function H are independent of V, and depend only on
the variable d ,that is, the charge time constant T, and frequency w, therefore denote it
H(d).

To find the parameters of the NC circuit (figure 2), the value of the normalized frequency
must be determined d = @T,. The normalized frequency d is determined as follows:

e assign the following parameters on the assumption of the required power dissipation
of the LR and the maximum value of the amplitude fluctuations of the stabilized
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attribute: constant input voltage V,, input signal amplitude A and voltage reduction
ratio K, = \\i—z, where V, — the desired voltage drop across the switching regulator;

e plot the output voltage V, (A,d) by the expression (10);

e find the value of the normalized frequency d based on the value of the reduced
voltage V; and the amplitude A.

1T R Vu* (Avd: Vu):v

5 \
\
~ \
A=8V N
A =15V 4 nE™
-~
== a=1sv I PO e I =
d, rad

0.001 0.01 0.1 1 10 100 1000 10000

Figure 5. Constant term of the input signal at V, =20V .

For example, for V; =5.2V and A=15V from figure 5 can be obtained d =100rad. Then,
assigning the load switching frequency, the time constant can be found as T, =< =RC.
Parameters R and C of the NC are selected taking into account the impedance matching of the
input circuits of subsequent devices.

After finding the time constant T, it necessary to check the stability of the SR control
system for self-oscillations. Since the bandwidth of the SR is much smaller than the pulse
modulation frequency, on the basis of Nyquist-Shannon sampling theorem we will consider
the SR as a continuous system.

According to the describing function method [8] characteristic equation is written as
negative reciprocal of a linear system transfer function G(jw):

. 1
G(jw)=———— ) 13
(jo) =+ @ (13)
For example, we use the following form of the SR linear system transfer function
consisting of a second-order filter and compensator:
i T,s+1 K
G(Ja)):(2 ). — , (14)
(Ts+1) (T)s*+2£T,s+1)
where T, =0.34s, T, =7.88-10%s, T, =7.74-10°°s, £=0.133, K =220.
Since the curves of G(jw) and -5 (figure 6) do not overlap, there is no real value of

the oscillation frequency, and, therefore, no self-oscillation. However, with the increase of the
SR bandwidth due to changes in the parameters of G( jw), it is possible that loci can intersect
and self-oscillation will occur.

3. Simulation results
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For the topology of SAS with the LR voltage stabilization (figure 1 (a)), using circuit
simulation package Micro-cap, the transients of SAS without the NC (figure 6) and with the
NC (figure 7) were plotted for the following conditions: a load resistance R, changed rapidly
from 0.1 Ohm to 1 Ohm (current region of current-voltage characteristics), the LR stabilized
voltage v, =10V.

ImG A
20 15 10 05 Q@=%®
C—ﬂ Re G
. -05
GG |
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S
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[ H(@) o
@ -2.0
. . . V, =20V
Figure 6. Constant term of the input signal at "° .
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Figure 7. Load switching response without the NC (RL1=0.1
Ohm, RL2 =1 Ohm, VLR = 10 V): (a) load current, (b) load
voltage, (c) output voltage of linear regulator.

The figures 7 and 8 show that during the load reducing (decreasing of load current i, and
increasing of load voltage v, ) the LR voltage v, is reduced almost to zero. This is due to the

fact that the switching regulator has a considerably greater inertia than the linear regulator, it
does not have time to stabilize the voltage drop during the stepped load resistance switching.
Therefore, when the voltage pulse amplitude of the load exceeds the value of the stabilized
voltage to the LR, a further increase in the voltage v, is determined by a switching regulator,

and the shape of the voltage v, is significantly different from the desired square.
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Figure 8. Load switching response with the NC (RL1 = 0.1 Ohm,
RL2 =1 Ohm, VLR =10 V): (a) load current, (b) load voltage, (c)
output voltage of linear regulator.

The figures show that the introduction of the NC is quite effective: in the same load
resistance switching range a minimum voltage at the LR is greater than zero, so the LR
operates in active mode, and the load voltage v, has the required form.

4. Conclusion
The paper studied the impact of parameters of the nonlinear compensator (NC) on the stability
of medium and high power solar array simulator (SAS) control system by the describing
function method. The parameters of the NC, which preclude the self-oscillations, were
defined. The following results were obtained:

e the introduction of the NC in the feedback loop of the switching regulator allows to
extend the range of the periodically switched resistance of the SAS;

e using the describing function method a mathematical description of the proposed NC
circuit was developed, this description allows to select the parameters of NC based on
load switching frequency range of the SAS;

e the describing functions of the NC allow to explore the impact of the dynamic
properties of the NC on the switching regulator stability.

The simulation shows that the introduction of the NC is quite effective: in the same load
resistance switching range a minimum voltage at the LR is greater than zero, so the LR
operates in active mode, and the load voltage has the required form.
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