ASMLZL;MOHHCI}I U paKkemHo-KoCmMu4ecKas mexnuxKka

UDK 621.3.088.7
Siberian Journal of Science and Technology. 2018, Vol. 19, No. 2, P. 281-292

CONTROL PROCESS ABSOLUTE STABILITY ANALYSIS OF CHARGE-DISCHARGE
DEVICE WITH LOAD CONVERTER IN CONSTANT POWER MODE
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To reduce life time testing period of lithium-ion accumulator (LIA) special dynamic stress test (DST) is widely used.
Lithium-ion accumulator dynamic stress test requires automatic charge-discharge devices (CDD) which provides nec-
essary DST technological parameters with required precision. Authors developed charge-discharge devices with load
converters (CDD-LC), which allow to reproduce required charge-discharge modes of high-power LIA automatically.

LIA cyclic charge-discharge with constant power pulses is the most difficult mode of DST. In this case, control sys-
tem became nonlinear and time variant due to computation of signal power as multiply of LIA voltage and current.

Authors studied mathematical model of electromagnetic processes of CDD-LC in LIA power stabilization mode,
formulated requirements to power stabilization control loop quality parameters, synthesized correction devices provid-
ing necessary control quality, studied CDD-LC control process absolute stability with Naumov-Tsypkin in LIA power
stabilization and regulation modes.

Keywords: lithium-ion accumulator, capacity, power, charge-discharge, control system, load converter, correction
device, absolute stability.
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s cokpawenusi cpokoe pecypCHuIX UCHbIMAHULL TUMULL UOHHbIX AKKYMyasimopos (JIMA) npumenstom memoouxu
JuHamuueckozo cmpeccosoeo mecmupoganust (L{CT). /[ns nposedenus JICT JIUA neobxo0umsl aemomamuyeckue 3apsiOHo-
paspsouvie ycmpoticmea (3PY), obecneuusaiowue ¢ 3a0aHHON MOYHOCMbIO mMpedyemble NAPAMEMPbl MEXHOIOSUHECKUX
peacumos [CT JIMA. Paspabomansl 3apsiOHO-pazpsoHbie YCMpoUucmea ¢ Hazpy3ouuviM npeobpazosamensimu (HII),
NO360ISLOUUMU ABIMOMAMUYECKU BOCNPOU3B00UNb mpedyemble pedicumbl 3apsaoa-paszpsioa JIMA 6onvuoi emxocmu.

Haubonee crodichvim pescumom seasiemcsi yukaudeckuu 3apso-pazpso JIHA umnynscamu nocmosHuot MOuHoOCmu
PasHou geudunsl U OnumenbHocmu. B amom ciyuae cucmema ynpagnenus 3PY cmanosumces necmayuonaphou Henu-
HelHOol 6cle0Cmeue mo2o, Ymo MOWHOCHb CUSHALA GIMUCTIIENCSL KAK NPou3eedeHe moka Ha Hanpsiicenue JIMA.

Paccmompena mamemamuyeckas modenv nekmpomachumublx npoyeccos 3PY—HII ¢ pedscume cmabuiuzayuu
MowHocmu 3apsioa-paspsoa JIMA, copmyruposanvt mpebosanus K NOKA3AmMensam Ka4ecmsea YRpagieHus KOHmypa
cmadunu3aAYUU MOWHOCMU, NPOBEOEH CUHME3 KOPPEKMUPYIOWUX YCMPOUCME, 00ecneuusaiowux mpebyemoe Kaiecmso
ynpasnenus, ucciedosarna no memooy Haymoea—Lvinkuna abconomuas ycmouuugocms npoyeccos YRpaeieHus
3PY-HII g pescumax pe2yiuposanus u cmadbuiuzayuu MowHocmu 3apsoa-paspsoa JIUA.

Kniouesvie crosa: numuii-uoHHbI aKKYMYAAmMop, EMKOCHb, MOWHOCMb, 3apA0-paspao, cucmema Ynpasienus, Ha-
2PY30YHbIIL Npeobpazosameinb, KOppeKmupyruee yempoucmeo, dbCoIOMHAA YCMOUYUBOCHIb.

Doi: 10.31772/2587-6066-2018-19-2-281-292

Nomenclature KVS Second voltage sensor transfer ratio
KVSa Accumulator voltage sensor transfer ratio
la* Boost converter input current in point of lin- Transformer ratio
ear decomposition Ua* Accumulator voltage in point of linear de-
IL2* Reactor L2 current in point of linear decom- composition
position Uin*FB Full-bridge converter input voltage in point of
KCS Current sensor transfer ratio linear decomposition
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Wfb_PS (s) Feedback loop transfer function of power
source

WOL V(s)  Open voltage loop transfer function

WOL _P(s)  Open power loop transfer function

WPS (s) Open power source loop transfer function

WP(s) Power regulator transfer function

WPWMI(s) Power controller PWM transfer function

WPWM2(s) Voltage controller PWM transfer function

WU(s) Voltage regulator transfer function

Za(s) Accumulator impedance

Zload (s) Load impedance

ZPS (s) Power source impedance

Ala Increment of accumulator current

Alin_FB Increment of full-bridge converter input cur-
rent

AIL2 Increment of reactor L2 current

Alload(s) Increment of load current

AUa(s) Increment of accumulator voltage

AUa_Idl Increment of accumulator idling voltage

AUin Increment of boost converter input voltage

AUin_FB Increment of full-bridge converter input voltage

AUref FB(s) Increment of full-bridge converter reference
voltage

AUload(s)  Increment of load voltage

AUPS(s) Increment of power source voltage

AUref PS(s) Increment of power source reference voltage

AP(s) Increment of accumulator power

APref(s) Increment of power controller reference
power

Ay1(s) Increment of boost converter duty cycle

Ay2(s) Increment of full-bridge converter duty cycle

y1* Boost converter duty cycle in point of linear
decomposition

y2* Full-bridge converter duty cycle in point of
linear decomposition

Introduction. Reducing life time testing period
of LIA can significantly accelerate and reduce the cost
of design and development of lithium-ion accumulator
battery (LIAB) and electrical power system (EPS)
of spacecraft. To reduce life time testing period of LIA,
standards are developed: GOST R IEC 62660-1-2014,
GOST R IEC 61427-1-2014 [1; 2], in which the LIA life
time tests are based on the dynamic stress testing (DST)
method. Reduction of the terms for life time tests with
DST is achieved by increasing the values of the attributes
(constant current, voltage and capacity) of the charge /
discharge up to the maximum values set by the manufac-
turer.

To automate the electrical tests of LIA, including life
time tests with DST, the authors developed a charge-
discharge device with a load converter (CDD-LC) [3-7]
with a pulse-width method of regulation, which due to the
original topology of the LC [3-7], has the following ad-
vantages in comparison with the known ones [8—12]:

— the possibility of providing the required values of
the attributes of the DST LIA of a large capacity;

— extended range of testing currents
(0.1 A-160 A);

— the possibility of LC power surplus recuperation in
a direct current network of an uninterruptible power supply.

CDD-LC [3-7] in the regime of charge / discharge
LIA power stabilization can be represented as two inter-
connected control loops: the power stabilization loop and

of LIA
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the input voltage stabilization loop of the bridge trans-
former converter (BTC).

The questions of static and dynamic analysis and syn-
thesis of CDD-LC with stabilization of charge/discharge
LIA current are considered in [13; 14]. In this case, pulsed
electromagnetic processes in CDD-LC are described by
continuous differential equations, which is possible on the
basis of Kotelnikov-Shannon sampling theorem [15; 16].

The most complicated mode of DST is the cyclic
charge-discharge of LIA by pulses of constant power of
different magnitude and duration. In this case, the power
management system of the CDD becomes time variant
nonlinear, because the charge / discharge power is calcu-
lated as the product of the current by the voltage of LIA.
The charge / discharge power of LIA at DST varies over a
wide range and, accordingly, the nonlinear characteristic
of the CDD-LC is regulated, which requires an investiga-
tion of the control system absolute stability.

Let us consider the stability of each stabilization loop.

Power stabilization loop. According to the structural
scheme [7; 13; 14], the block diagram (fig. 1) and the
equivalent scheme [13], the electromagnetic processes in
the mode of CDD-LC charge power stabilization can be
described by the following systems of differential equa-
tions:

AU g(5) = (AU,; 15(5)= AU, ()W), ps(5)x
X Wps(8)=Zps(5)- AL (5),

AU,,(5) = AU 15() =AU, ()~ Z,(s) - AL, (s),
Ay, (s) = AF(s)- Kg - Kygy - Wp(8) - Wy (5),
Ay, (8) =AU (8) - Kyg - Wy (8) W2 (5),
AU,.,LFB (s)=AU,, (s)=Al,(s)- (R, +L,,-s)+
+ AUianB (S)’Y: + AU;LFB 'AYI (),

AL (s) =1, Ay, () + AL (5) ¥, + AL, pp(s)+
+AU,, -s-C, (1)
AU,y ()= (AU, 5(8) 13+ Uy, iy Ay (8)) 1=
—AlLL(s) (Ry+L,-s),

AL, py(5)= (AL, (5)-v5 + 11, - Ay, (s)) -,
AlL(s)=Al,,,(s)+AU,,(s)-s-C,,

AU (s)=AU, 1,(s)+Z,(s)-AL,(s),

AP,(s)= AU, (s) I, + Al (s)- U,

AL,y (5) = AU 4y (8)] Zpua ()

Considering the power stabilization loop closing equa-
tions

AF, = AP, ,(s)=AF,(s), 2)
and the stabilization loop of the input voltage of the BTC
AU, =AU, 1(s)—AU,,; (s), 3)

we will compose the functional diagram of the CDD-LC
with closed stabilization loop in the charging mode of the
battery (fig. 1).

In the discharge mode of the battery with constant
power, it is necessary to change the plus sign to the minus
sign in the functional diagram (fig. 1) before the AU, ;4
increment of the open circuit voltage.



AGuaZﬂAOHH(Zﬂ U paKkemHo-KoCmMu4ecKas mexnuxKka

AUr psls)

Wesl(5) Zps(S)

AU(s) s Kk Alyfs Si

W psis)

AUin(s)

A U,, ;m{'l' _)

SL-|+R|

Al(s)

- i U,
AP (s)

AP (s)

H'.'FHKI!'!&

|

Wls)

i

Wewnn(s)

Ayy

ﬁé@% Vi ¥

v AUin_rs(s)

?s'C]

Kys %{?e Kys e‘
AUes rafs)

Wils)
J, n

Wewnn(sh

.ﬂ.}’g

- k4 -
Ui rn L2 H(%
i
Al s
$[*1+Rl_t

5C; —::@

1 Al Fsﬂﬁ‘rs‘,
Fpuil B}

A Ua'm' d‘r\)

Fig. 1. Functional scheme of CDD-LC linearized model in dynamical mode
for LIA constant power stabilization

Puc. 1. ®ynkunonansHas cxema JuHeapu3oBaHHoi Mmonenu 3PY-HII-PH
B IMHAMHYECKOM PEXKUME PH CTaOMIN3ALMU 3apsAHOH MOIIHOCTH aKKyMYJISITOpa
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Table 1
Resistance of resistors of CDD-LC mathematical model
Rps, Ohm RH, Ohm Rw as Ohm RL25 Ohm Rlotlda Ohm RLI’ Ohm
93107 2:107 3107 0.33 3 53107
Table 2
Values of reactive elements of CDD-LC mathematical model
Lps, WHY Cps, WF Ly, pHY| Ly, 4 pHY Ly, pHY Gy, uF Cp, uF Lipags LHY Ly, pHY
11 25 1.5 2 60 220 1050 23 31.3
Table 3
TF expressions of CDD-LC mathematical model
Whs(s) Wi ps (5) Wewaai(s) Wpwa(s)
99 6 6
S A— 1 1073, 33100 104 1251070
1+5159-10° 3.7-10"e 2.8:10"¢
Table 4
Expressions of the impedances of CDD-LC mathematical model
ZPS(S) Za(s) Zw a (S) Zload(s)
Rps +58 - Lps
+5° ot sL + 5
1+s- RPS . CPS + S2 'LPS . CPS Ra s LH RvLA s ij Rlod s Lload

To analyze the stability of the power stabilization
loop, we find the transfer function (TF) of the open
loop (OL)

WOLiP(S) = APa(S)/APrc{/(S)'

For this reason, in the system of equations (1) we take
the zero values of the control input:

AU, ps= 0, AU,er 3 = 0, AU, jqy = 0,
open closed loop by power:
AP, = AR, (s),

and solve the system of equations (1), (3), (4) concerning
AP (s).

To calculate the TF Wy, p(s) parameters, it is neces-
sary to set the initial values of the parameters and coeffi-
cients in the equations of the system (1). For a specific
implementation of the CDD-LC, the values of the coeffi-
cients and parameters for calculating the parameters
of the transfer functions of the CDD are summarized
in tables 1 to 4.

According to the calculated logarithmic amplitude
Loi p(w) = 20lg'mod Wy, p(s) and phase characteristics
(fig. 2), the uncorrected power stabilization loop does not
have stability margin, i. e. the loop is unstable.

Current and voltage transients regulated in accordance
with the LIA test program should not exceed the limits of
the maximum values controlled by the protection system.
Therefore, these processes should have the form as close
as possible to aperiodic ones with the required rise time ¢y
(the time of the transient change from 10 to 90 %). For an
aperiodic transient, the rise time 7y is related to the cutoff
frequency . by an approximate expression [17]:

1

ty =(0.3-0.6)
(Dcl

In accordance with the method of V. V. Solodovnikov
[17], for an aperiodic transient process, it is necessary to
provide a phase margin.

The analysis shows that in order to provide the re-
quired stability margin, it is appropriate to include in the
functional circuit of the loop a feedforward compensator
with a TF of the following form:

T -s+1

W, (s)="——, 4
A= o
where 7,=0.0318s and 7, = 133s.
In this case corrected OL TF of power stabilization
takes the form:

WCOLJJ (s)= W()Lﬁp(s) Wei ().

This corresponds to the frequency characteristics of
LCOLiP(f)a A(DCOLJ:’(](), shown in ﬁg 2.

It can be seen from fig. 2 that when the power is regu-
lated in a wide range, the required stability margins are
provided in the loop.

The voltage stabilization loop at the input of the
BTC. The voltage of stabilization Uyt at the input of the
BTC is related to the allowed value of the drain-source
voltage Uy, using transistor switches:

(]iVLFB ~ O,S'Uds, =127.

Therefore, in transient modes, the voltage
overshoot o, is limited, and should not exceed the
value 6, =45 %.

For the normal operation of the power stabilization
and BTC voltage loops, the condition 75, < #;; must be
fulfilled, i. e. the transient time fy, should not be greater
than in the power stabilization loop (¢,; = (3—4) ty). On the
basis of the foregoing, we find the frequency f of the cut
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in the voltage stabilization loop (VSL) of BTC from con-
dition

2
fir S—=4m
c2

cl

Fig. 2 shows that the frequency f¢ is approximately
200 Hz.

Therefore, the cutoff frequency in the VSL of BTC
should be f =~ 2500 Hz.

To analyze the stability of the BTC voltage stabiliza-
tion loop, we find the TF of the open loop:

Wor (s) = AUy, pp(s)/ AU, r(5).

For this, in the system of equations (1) we take the
zero values of the control input: AU,y ps= 0, AU, 3= 0,
AU, &= 0, cut off the voltage feedback:

AUS = _AUrefiFB (S) H

and solve the system of equations (1), (3), (4) with respect
to A[]in_RB(S)'

Analysis of the stabilization loop shows that in order
to ensure the required margins of stability and speed, it is
appropriate to include in the functional circuit of the loop
a feedforward compensator calculated by the method
of V. V. Solodovnikov [17], with the TF of the following
form:

Ts+1)-(T,-s+1)
(T -s+1)-(T,-s+1)

Wea(s) = ®)

where T3 = 3.18-107s, and T, = 3.18-10%, 75 = 3.18:10 s
and Ts=3.18:10 s .

In this case, the corrected OL TF stabilizing the volt-
age takes the form:

WAOLfU (s)= WOLiU (s)- We, (s)-

This expression of the TF corresponds to the fre-
quency  characteristics  of  Lcor o(f),  A@cor u(f),
Agcor (), given in fig. 3.

It is evident from fig. 3: power control in a wide range
in a loop provides necessary margins of stability; when
medium and high power are stabilized, the requirements
for the cut-off frequency f, of the VSL of BTC are ful-
filled with a margin, and when the low-power
charge/discharge LIA is stabilized, the decrease in the
frequency f, does not lead to an increase in the voltage
overshoot o, due to the relatively small charge currents of
the capacitor at the input of the BTC.

The change in the dynamic properties of the VSL of
BTC can lead to a change in the dynamic properties of the
PSL of LIA associated with it. To verify compliance with
previously established requirements for the stability and
speed of the PSL, Leo; p(f), A@cor p(f) were recalculated
taking into account the correction of both loops and the
results are shown in fig. 4.
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Fig. 2. Open loop Bode plot of CDD while charging LIA with constant power

Puc. 2. YacToTHBIE XapaKTEpUCTUKU pa30MKHYTOro kKoHTypa 3PY-HII
nipu 3apaje JIMA nocTossHHON MOIHOCTBIO
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Fig. 4. Corrected open loop Bode plot of CDD model for W¢o,, p(s)

Puc. 4. YacToTHBIE XapaKTEPUCTUKH CKOPPEKTHPOBAHHOTO Pa3oMKHYTOro KoHTypa 3PY—-HII
nipu 3apane JIMA nocTostHHONW MOIIHOCTBIO
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The FC of Loz p(f) n @401 p(f) (fig. 4) corrected PSL
charge/discharge of the LIA when controlling the powers
in a wide range have the phase margins A¢; > 100° and
the cutoff frequency f., in the frequency range of 200 Hz,
which meets the requirements.

Absolute stability. In the regime of charge/discharge
power stabilization, the current-voltage characteristic
(I-V characteristic) of a CDD-LC is non-linear, due to
the presence of nonlinear (functional) feedback on the
power of the LIA

Py(t) = Ud() L(D).

Since the parameters of the functional feedback vary
with time, the CDD-LC in the power stabilization mode
is a non-linear non-stationary automatic control system
(ACS).

For the stability analysis of such systems, it is appro-
priate to apply the method developed by B. N. Naumov
and Ya. Z. Tsypkin [18-20]. This method requires bring-
ing the ACS to a single-circuit view (fig. 5), containing a
stable dynamic linear part (LP) and one static nonlinear
element (NE). The criterion allows one to judge the stabil-
ity of the ACS by the frequency characteristics of the LP

system and the differential coefficient k,, _ of the NE
transmission.
AP ref AP Al,
‘ LP
AP,
NE
tav,

Fig. 5. Single-circuit view of the ACS: LP — linear part,
NE — non-linear element

Puc. 5. Onnoxonrypusiit Bua CAY: JIY — nuneiiHas yactb,
HD — HenmuHEHHBIH >JIEMEHT

In the case of a nonstationary system, B. N. Naumov
and Ya. Z. Tsypkin showed [18-20] that the processes in
the system will be asymptotically stable in general if the
criterion of absolute stability is satisfied at the highest

value of the differential coefficient k,, . of NE trans-

mission.

The main output variable of the CDD is the current
1,(?) of the LIA, which when the power is stabilized varies
depending on the voltage of the LIA U,, which according
to (1) has the form:

U,(9)=U, 1a($)+2Z,(s)-1,(5)-

The equation of a nonlinear element:

Bt(la):(Uaiidl +Ra 'Ia)'la 'Kcs 'KVCA 'KP’ (6)

where K, — coefficient of proportionality.
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The linear part of the power stabilization open loop is
described by a system of equations:

AU ps(8) = (AU, ps(s) =AU, (5) W), ps(s))%
X Wps(8) = Zps(5)- AL (s),

AU, (8) =AU ()= AU, ()= Z,(s)- AL (s),

Ay, ()= AF, (8) K Kyg, - Wp(8) Wy (5),

Ay, (8)= (AU, () =AU, 1y (8)) - Kys - Wy (8) Wopag2 (5)s
AU,’LFB(S) =AU, (s)=Al (s) (R, +L,,-s)+

+ AU, 15(8) Y + AU, By, (),

AL () =1 - Ay, () + AL (s)-y; + AL, () +

+ AUWFB -s-C,

AU,y ()= (AU, ()3 U, Ay, (5))-n—

—Al,L,(s) (R, +1L,-s),

AL, o (8) = (AL, (5) -7, + 1,5 - Ay, () -,
AlLL(s)=Al,,,,(s)+AU,,,(s)-s-C,,

AU (s)=AU, 1;(s)+Z,(s)-AL,(s),

AP,(s)= AU, (s)-1, +AlL,(s)-U,,

ALy (8) =AU 0y (8)] Z1pq ().

To analyze the absolute stability of the power stabili-
zation loop, we find the TF of the linear part of the open
loop

oad

WOLiLP(S ) =Al a(s )/ AP r'cf/(s )5

and LPC Lo, 1p(s,) 9or_1p(s) (fig. 6).

According to Naumov-Tsypkin criterion [18-20], for
absolute stability of processes in a control system with
nonstationary NE it is sufficient that the LP should be
stable and the frequency response of the LP should satisfy
all frequencies 0 << oo the condition:

Re(Woup (jco))+ >0

NE max

or:

Re(kNEmaxWOLiLP (]0))) >-1.
Denoting the TF by modified LP (MLP),

Warp (]0)) =kyg maxWOLiLP (]0)) >
we obtain the condition of absolute stability processes in
the form:

Re(Wyyp (o)) > -1, (7)

where the maximum differential transmission coefficient

of NE:
kNEmax :[ j :
MAX

In accordance with (6), the coefficient &y is a func-
tion of three independent variables: the input current 7,
the open circuit voltage U, 4, the internal resistance Ra of
the battery.

Let us study the ranges of kyz coefficient variation de-
pending on these parameters.

op,
ol

a
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It follows from fig. 7 that the coefficient kyg reaches
its maximum value at the maximum current /,, voltage
U, i = 42 V and resistance R, = 20 mOhm, with

kne Max < 12.

Graphical interpretation of condition (7) means that
the amplitude-phase characteristic (APC) of the MLD
(fig. 8) should lie to the right of the vertical line passing
through the point with the coordinates (-1; 0).

Since the frequency characteristics (FC) LP of the
CDD-LC (fig. 8) depends on the value of the stabilized
power, the analysis of the absolute stability of the proc-
esses must be performed for the entire range of power
regulation P,. As a result of APC MLP analysis
it was stated that it is sufficient to check the absolute sta-
bility with minimum and maximum LIA test power val-
ues (fig. 8).
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Fig. 6. Bode plot of open-loop linear part (OL_LP)
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Fig. 8. Amplitude phase characteristic ¥, p(jo) for kyg = 12: a — for the frequency range 0 < ® < 10°,
b — in the field of high frequencies (in the vicinity of the point (-1; j-0))
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It follows from APC (fig. 8):

1. For the calculated and selected parameters of the
MLD Wy;p(jo) linear part, the condition of absolute
processes stability (7) is fulfilled irrespective of the power
value P, of the LIA charge/discharge.

2. The hodographs APC MLD W,;p(jo) at the
maximum and minimum input powers differ in the inter-
val of low and medium frequencies and practically coin-
cide in the high-frequency interval, determining the abso-
lute stability of the CDD-LC control system, which
indicates the correctness of the synthesis of correcting
devices (4) and (5).

To prove the adequacy of the developed mathematical
models, the experimental sample of the CDD-LC module
was investigated.

To obtain transient control processes with power sta-
bilization, the experiment scheme shown in fig. 9 was
used. In the tests, instead of the LIA, a test load was used
that allowed to estimate the operation in large ranges of
currents and voltages of the CDD.

When testing, direction of current when charging
the battery is taken for a positive current direction.
Fig. 10 shows the process of changing the voltage U, r3
at the input of the BTC (upper graph of the oscillogram)
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and the current of the battery /, (lower graph of the oscil-
logram) with a linear discharge power surge of the battery
from P; = 3 Wto P; = 640 W. At the same time, the rate
of battery power surge is V7 = 350 A/s. Sweep trace of
the voltage channel U ;, rp corresponds to 5V/div (fig. 10)
and 80 A/div for channel measurement of current /,. Time
sweep trace — 100 ms/div.

It can be seen from fig. 10 that the current deviation
from the linear character differs slightly, and the exces-
sive correction of o, voltage Uprc does not exceed 42 %,
which meets the requirements for the value of o,.

Conclusion. The developed mathematical model of
electromagnetic processes of the CDD-LC in the
charge/discharge LIA power stabilization mode allows to
analyze and synthesize CDD-LC with the required con-
trol power stabilization loop quality indicators.

Control system of the CDD-LC is presented in the
form of two interrelated control loops: power stabiliza-
tion loop, and the input voltage stabilization loop of the
bridging transformer converter. It is shown that it is ap-
propriate to adjust the power stabilization loop first, and
then, taking into account the data obtained, select the
parameters of the BTC voltage stabilization loop cor-
recting device.
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The proposed type of correcting devices allows to en-
sure absolute stability of processes in the CDD-LC when
stabilizing the charge/discharge power of LIA with the
required speed and quality of transients.

The experimentally obtained transients meet the nec-
essary requirements, which confirms the adequacy
of the CDD-LC mathematical model with the stabiliza-
tion of the LIA power.
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