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OPTIMUM SWITCHING OF LOW-VOLTAGE POWER
GENERATING ELEMENTS: WITH A NONLINEAR
VOLT-AMPERE CHARACTERISTIC

G. A. Baryshnikov, G, P. Levshin and
A. I. Loshkarev

(Mosccw)

This article examines the questlion of the .
optimua switching of a large number of low-voltage
power generating elements with nonlinear volt-ampere
characteristics and the leakage currents in the
system of an increased-voltage current source.

The optimum circuit for connecting power gen-
erating elements ensuring with a minimal number of
elements assigned voltage and power is found on
the basis ¢ the solution to the appropriate varia-~
tion problem. It is shown that in the optimum clr-
cult diagram every element of the source should work
at the maximum power rating; in this case the power
being generated by the source 1s less than the maxi-
mue power which the source could generate under
lower voltage on the load. Questions of the con-
struction of the resulting volt-ampere character-
istic of source with nonlinear power generating

elerents are considered. Illus. 4. Bibl. 2.
pPp. 150-154,

Work [1] examines the optimum circuit for switching of
power generating elements (EGE) with a linear volt-ampere
characteristic (VAC) and current leakages in the system of a
source of current of increased voltage, in which the assigned
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output pargmeters of source - electrical power WH " and voltage

VH u - were ensured with a minimum number of EGE. Below we
examine the problem -of* the optimum (ensuring the minimal quan-
tity of EGE at assipgned W and V) switching of EGE with nonlinear
VAC and leakage currents, since experiments show [2] that real VAC
of EGE of some types of the energy converters (field-effect con-
verters, photobattery) can be linearized only in a fairly‘narrow

area, and not over the entire operating range.

The appropriate variatidn problem, examined in [1], allows
generalization to the case of EGE with arbitrary VAC. As also
in [1], we substitute a current source composed of I series-
connected units, each of which consists of 2z parallel-connected
EGE of the same type wifh norilinear VAC (Fig. 1) and with leakage
resistance Ry, continuous power generating zone (EGZ) 1234, and
zohe 1465 which characterizes the presence of "leakage currents"

(Fig. 2).

' 7 ) d d
" sproducsd from

\ G est_available copy. a

\ - .

CINII

Fig. 1. The volt-ampere charac-
teristic of the power generating
element (1 -~ nonlinear character-
istic; 2 - the linearization of
characteristic in the neighbor-
hood of the point of short circuit-
ing; 3 - the linearization of the
characteristic.in the neighborhood
of the no-load point.
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Hig. 2. WFqulvalent power generating
zone. Integral values of x corre- -
spond to the reference number of g
series-connected unlt; w - bus
(conducting housing of the source).

In thils case equations (3)~(6) In work {11, which decevily
the distribution of currents and pctentials to BEZ, retain
thelr form 1{ the expression for the voltage belnz developed bLy

the EGZ wlth linear VAC,
Varn == E(1 — IR [ L), (1)

ig replaced hy v(1l), where v(1l) - arbitrary nonlinear funetion

of the value of the current through one element 1 = I/2; I -
the instantaneous value of current through the EGZ.

Pinding the optlmum clrcuit dlagram ls equivalent to the

solution of the followlng variation problem: find the minimum
[

of functilonal I:UHU when nonholonomie connections exist;
]

for @ cource wlth an ungrounded load In the selected system of

coordinates the connections are written in the form

Reproduced from @ —v(l) == 0, (2)
best available copy. U] e t) ’
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and the boundary conditilons

)

10) = I{) == Iny, () = Vs ]

Here IH w - current in the load in the calculated regime (at

assigned W, and Vs I =W  /V ),

The solution of this problem 1s c¢onducted just as in wérk
[1] for the case of EGE with linear VAC. The system of Euler
equations thus obtained, with the appropriate nonholonomic

connections and boundary conditions, makes it possible to obtain ,
the following relationship:

P = v{l) == [u(i)i) =
s (W) = ), '

where w - the power of EGE at an arbitrary point of the VAC.

The integration of this relationship gives

to ()= v, (3)

where Wo = the maximum powér of EGE achievable when i = 10,

v(io) = vy (Fig. 1). Equality (3) ylelds the conclusion that
at optimum switching of current sources with nonlinear VAL

it 1s necessary that each ECE -operate in its optimum regilnme.
The distribution of EGE in the units [z = z(x)], which ensures
the minimum number of elements N with the assigned parameters
(operation of the source at the calculated point) and the dis-
tribution of full current 6ver the source takes the Lorm
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where z = I /i, - the initial number of EGE in the unit,

In the overwhelming majority of the cases it is not sufficient
to know the parameters of the source only in the optimum regime;
it is necessary to have available the entire volt-ampere charac-
teristic of the source;, i.e., the dependence

q) — @(®) = Vi = Vu(lu).

To get this dependence it is necessary to integrate the

first equation of system (2), which requires that we f?-st find

the function

iz, In) = 1{= Ia} ! 2(2).

From the same system we can obtain

since
"”- ‘rl.'t =3 [I‘;‘i.“.
Substitution of expressiocn (4) into equation (6) reduces it

to a differential second order equation relative to I; in the
general case it 1is nronlinear, owing to the nonlinearity of the
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initial volt-ampere characteristic of the EGE, i.e., of the
“unction v(I/z) ¥ v(i). In the general case the integration of
this equation in explicit form is impossible.

In the particular case for linear VAC, i.e., when 1 and v
are connected by correlation (1), equation (6) is reduced to the
comparatively simple form

-

Y by JER IANE [\
AR Rl R T IR L) SRRy S JF JFYNDRAR S .
)£ () e o

-

Hefe E - the electromotive force of EGE with linear VAC; R - the
)
internal resistance of EGE with linear VAC; k© = R/Rv‘

Solution of equation (8) with boundary conditicns$ in the

case of an ungrounded load
/ g
ced from
P‘;eeg: ogyai\ab\e copY

where IH - the variable value of the current through the load,
takes the form

1(0) === 21y == 1.

e (- .C.E) N0 =iz - 1232 4 JCThle - L2)0 (R e i/23)

oo

exp [-=2213 /5] -k ]‘:17:'2" T P

E: > k?
+ -::3-0.\'[\ { {(.r—---

i 2

7 e

)~ (")}} )

.
-
[
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The resulting VAC of a current source composed of EGE with
linear VAC and leakage currents at optimum commutation, obtained
as the resull of integration of (2), takes the form

b = 1L ) = LA 2 €10)

-

R
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hinxp(— R22/8)+ Va2 kI (1i 1) /2] ;
P :~‘
{ ’ - for an ungrounded load and

;

i ! - Y2a (ki) - e

212 fexp (—k212,'8) - ¥ /2 Kb {kD)]

;

s . - for a grounded load, geproduced from

est. available copy.
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o
from the actual statement and solution of the variation problemn,
for a current source with optimally switched EGE (linear and
nonlinear) the utilization factor of a source with voltage kV’
which can be defined as the ratio of the voltage being developed
by source at calculated point V

TR

to the sum of the voltages be-

FIEAR T

HeH
ing developed by each consecutively connected unit operating
i ‘ at the optimum point, 1s equal to 1, i.e.

kv = Vagfod s 1

The utilization factor of a source with power kw is defined as
the ratio of the power of the source at the calculated point of
NH.H to the sum of the maximum capacities of the EGE included in
the source, 1l.e.,

kl\' == u,u,u ‘( 'I-'n.\'.
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Correlation (10) is conveniently presented in the form

;!'0 = I'-.. — ,nh".

where EH = E1(1 + ¥)/2 - 1s the ewnf of the source, Ru=Rlz/:u -

the internal resistance of the source.

From this expression it is evident that as a wesult of the
leakage currents the emf of a source with linear EGE differs from
the sum of the emf of the series-connected units. This distinc-
tion can ¥ taken into account by the utilization factodr of the
source w.-h respect to the emf kE. It is evident that

k= B/ El == (140} /2

G

. It is convenient to present the internal resistance in the form

Ny = ”5’:’,; !’ '.'""

From correlation (10) it follows that ke=x

It is interesting to note that for the current source which
has an optimum wiring diagram for EGE with linear VAC the voltage
gt the operating point is V

Hon > E“/g. Thus, because of the

linearity of the resulting VAC (equatién (10)) the obtained EGZ

can yield high electrical power, but at a voltars which is less

than the assigned~('\’H e

It is evident that EGE of arbitrary configuration assembled
from EGE with linear VAC will have linear resulting VAC (this
follows from the linearity of the problem). The zone for which
the assigned current and voltage correspond to the point of
maximum power dn its resulting VAC will have a large "length" Z2

and small value of z, (Fig. 3). However, in this case N, > Nl
5 2
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Fig. 3. Resultant volt-ampere charac-
“eristic of source a) and the distri-
-bution of the elements in the source
b): 1 - optimum switching; 2 - switch-
ing at which VH g s EH/2.

mid consequently fw, <kw,.  The displacement of the operating point

into the sphere of increased voltages 1s caused by the nature of

Ehe distribution of potentlal over the "length" of the EGE

tn dilfferent operating condltlons. Tor sources whose EGE have
“a linear VAC it follows from the first equation of system (2)

and from equation (9) that |

Reproduced from ]
(%) == 2E L2 best available copy.

E ='a L ~rt l kit
P SN /o ovx — 3327 A . -—
[z e Ve 7)o (s )]+ (3))

e e e e

eI b
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2\ 8

[y

he corrcesponding graphs of the change in ¢ In short-circuit
(C), waleulated (BB) and no-load (A) conditions are glven on

Pig. 4. 1L 1v evident that In short-cireuit conditions at
the onds

of the IGZ d¢/dx < 0, L.e., the end elements operate in
as cnerpy consumers (the voltage developed in the middle part df
the EGY, where do/dx > 0,1s applied to them). Then the current
through the end elements will be greater than ik 39 and the

9 Best Available Copy
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‘ L Fig. 4. The distribution of
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€y potential in the source with
,

.

switching (A - no-load regime,

. - B - optimum operating condi-
e e T tions, C - short-circuit condi=-
2l z tions).

4

short-circuit current of the EGZ will be greater than
iH.azH. Thus the resulting VAC are, as it were, turned clockwilse
at certain angle around the calculated point. The emf of the

~ resulting VAC 1s correspondingly reduced.

- Everything said relative to the displacement of the calculated
point from the point of the maximum power of the EGZ can be
'generalized to the case of a source with nonlinear EGE.

For a current source for which EGE connection is optimum
and VAC 1s nonlinear, expressions for calculatlion of the number
‘of elements N and the utlilizatlon factor of the source in terms
of power k, can be taken from Table 1 in work! [1] with replace-

ment of the quantity in the appropriate expressions by the
quantity vo/iORy.

In principle the resulting VAC of the source with nonlinear
G can be constructed only after solutlion of equation (6).
In the general case its 1ntegration in quadraturcs is impossible;
in connection with this we are limited to finding the three base
points of the resulting VAC in the nonlinear case, including the
already known calculated point. By conducting linearization near
"points i“.a and ¢ (Fig. 1), 1t is posslble to use known expressions

1By oversight of the authors, in Table 1 of work [1] in the
Tirst and second lines of the third and fourth columns the
coefficients k; and kR in front of E and R were omitted.

Best Available Copy
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(see [1])for the lincar case and to ind I, and E . Naturally,

.

this appréach will be valld if the operating conditions of each

Gl differ little [rom the short circuit and no-load conditions,
respectively. This requires that the following criteria be ful-
(Illed (IPlg. 1):

short circuit conditions - maxil/z- &

no-load conditlons = wmav'dg /e e e

The use of the formulas obtained above permits reducing these
¢riteria to the form:

short circult conditions = & i< 08--1,5 0= EEN Riinag

no-load conditions —  kad =TO8 o L ks 2R,

Conclusions. 1. In the optimum circult for switching EGE
with nonlinear VAC and leakage currents every element in the
system of the currcent o¢arce should operate Iln maximum=power
condltions.,

2. 'The power ot Lhe current source at the calculated point
with optimuwn switehling of the BGE 1 less than the maximum power
ol this source which can be ohtalned under voltage on the load

which 18 less than the calculated.

o dnoa nunmber of cnves 1t s posslible to use the relation-
ships obtalned for FGl wilthh linear VAC for construction of three
characterictic polnts of the resulting VAC of the source, with
appropriate linearization of the VAC of the EGE 1n these charac-
tertistice polinte.

Best Available Copy.
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