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Utilization of Regeneration Energy in Industrial
Robots System
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Abstract. This paper is devoted to the investigation of
shared DC Bus systems with common storage capacitor
operating on utilization of regeneration energy of electrical
drives of industrial robots. The system is elaborated for the
connection of the central energy storage capacitor with DC
Buses of several robot systems. Simulation of operation of
such system has been made with the target to obtain some
specific indicators of efficiency of the system at different
number of shared DC Buses. Dimensioning of system’s
parameters as well as some conclusions about necessary
principle of control are presented. The results of
experimental investigation are presented with the evident
operational efficiency of the proposed system.

Keywords: robots, supply, capacitor, motors, charge,
regeneration, transistor, coil

[. INTRODUCTION

Industrial applications today often require rapid
motion control where many fast
acceleration/deceleration phases and reversals are
presented. Such behavior is typical for industrial
robotics and other computerized numerical control
machinery [1]. Many existing drive systems today are
capable of using regenerative braking of the motors.

However, the recuperative energy is rarely fed back to
a network or stored in full extent locally due to AC-DC
rectifiers fed supply of frequency converters or
increased costs of the storage systems. Previous research
shows impressive energy savings potencial using an
increased capacitive energy buffer on a drive’s DC bus
[1].

Common DC link applications using a single rectifier
and multiple variable frequency drives have been state
of the art for many years. Multiple rectifiers and
multiple drives that share the DC links are available
from some manufacturers [2]. Some examples are
known from wind power turbines [3] and active power
filters [4].

Analytical research of shared/common DC bus
operation can also be found in [5]. However, in all these
cases, synchronized control of the drive switches is
required so that these DC links are equalized. In fact,
there is actually one synchronized DC bus that is
supplied by more than one parallel rectifier. This paper
proposes a solution for a recuperative energy exchange
approach between drive systems that are controlled
independently. The energy is stored in an independent
DC subgrid, to which any drive system can transfer its
recuperative excess energy and take it back again when
needed.

An application case in industrial robotics with a
shared/common DC bus has been patented recently by the
vehicle manufacturer Daimler AG [6].
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Fig.1. Block diagram of DC subgrid for energy exchange.

Another system for robots’ DC subgrid for energy exchange is
proposed in [5], where each DC Bus is connected through
power converter with adjacent DC Buses of robots. Therefore at
regeneration extra power is submitted to the DC Bus of adjacent
robots. Such solution utilizes in full extent the capacitors of all
DC Buses but the problems may arise when a simulatenous
regeneration takes part in different robot drives (then regenerate
energy should not be accumulated in capacitors because of lack
of their necessary volumes).

II. ENERGY EXCHANGE WITHIN SHARED DC BUS

In the following section, the advantages and main aspects of
DC bus sharing principle accepted are discussed. The block
diagram is shown in Fig. 1. Here, n drive systems are
represented, where each has a DC bus DC;...DC, supplying
servo drives SD;  , SDyx with frequency converters which
control the electrical machines EM;,. Each bus DC; is
connected through power converter modules M, ,to a subgrid
DCyyp. The central capacitor C determines the size of the buffer.
The rectified voltage in the idle circuit of DC bus has a fixed
value of

Udc:igle =1.35Umms & 540V )
with a DC-bus voltage ripple of
U rms V2 ) @)

" 12f Ry Coc,

where Cpc; is the internal capacitance of the DC bus and Ry is
the DC bus load. According to (2), short peak loads of about
25kW measured on DC bus [1] can push a voltage as low as
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510V. The upper bound of Upc is limited by drive
hardware using a brake chopper operating on dissipation
resistor. For various drive systems typically the brake
chopper is set anywhere within the range of 690 to
790V.

The proposed DC bus sharing principle allows a
relatively large voltage difference between connected
DC buses and does not require synchronization of the
involved drives. In fact, an independent [n + 1]th DC
bus as a DC subgrid is created to be used as an energy
exchange buffer.

The electrical charge transmitted to the central
capacitor C from n drive systems within the time t; can
be calculated assuming that shape of the average current
transmitted from each drive system i is triangular with
magnitude i*..; and duration t,.;Sy.; (see Fig. 2), where t.;
and S;.; are respectively the average duty cycle and duty
ratio of all recuperation phases respectively. The duty
ratio can be expressed as S,=t,; /T; , where T; is the
process cycle for operation of robot number i.

40 T T T T T

current, A

time,
Fig.2. Presentation of current shape at DC input of robot drives.

For energy calculations, the internal capacitance of
each DC bus is assumed negligible and that it does not
influence the process efficiency. Then the total charge of
recuperation is

A\

n
AQ =05t XiriSri - ©
i=1

As the average voltage U¢ over the evaluation interval
t; is constant, the recuperated energy transferred to C
equals the energy received. The motor consumption is
the sum of the energy from the AC network and the DC
subgrid DCyy. The charge consumed by a motor load
can also be calculated, assuming that the load current
has a triangular shape with a magnitude i"};; and duration
t:iS1;, where t; and S;;; are the average duty cycle and
duty ratio of all load supply phases respectively. Then,
the total charge consumed by all n drive systems is

n N
AQI :O-Stt Zil,i-sl,i . 4)
i=1

Typically, Sii > Sy and iAm > %, for each of the
examined examples in robot controller drive systems.
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Depending on the application, cycles t. and t as well as
magnitudes of currents may differ. The savings can be
estimated in terms of the recuperated charge compared to the
consumed charge because the positive (consumed) mechanical
power does not depend on the existence of energy-saving
device:

AQr _ %ir,i-sr,i
AQl i=1 iIA,i-SI,i

By adopting different relations iA,;i/ iA|;i and S.i/S;; it is
possible to find the savings from the diagram presented in Fig.
3. A smaller duty relation S.i/Si; usually results in a smaller
recuperation/load current relation i r;i/iA i and thus, smaller
possible savings. However, even at light loads, the energy to be
stored may reach 10% of the consumed energy. If the
application is more dynamic the proportion of the recuperated
current compared to the supply current is higher, and there is a
higher duty ratio proportion in both operation cases, the charge
to store rises too. For instance, at a duty ratio relationship of 0.5
the duration of the recuperation interval is half of the charging
duration and a current magnitude relationship of 0.7 (magnitude
of recuperated current is 70% of that of load), it is possible to
save as much as 35% of the energy required for the particular
movement phase.

Ef = 5)

Efficiency relation
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Fig. 3. Estimation of energy savings as a function of the duty ratio and
recuperation and loading current magnitude relation.

III. THE PROPOSED CIRCUIT

Fig. 4 shows a connection principle of two power transducer
modules M; and M.

Each of the power modules has 4 power terminals a;, b;, ¢; and
d;i. Terminals a; and b; (Fig.4) are to be connected accordingly to
the positive and negative terminals of a particular DC bus DC;.
Terminals ¢; and d; of each module are to be connected to the
Ci+1 and diy; terminals of the other module, noting here that the
terminals d..., are the common ground of all modules M;..., and
DC buses DC;...,. Note that this is not an earth ground of AC
supply system.
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Fig.4. Electrical scheme of connections between sub-buses and the
central capacitor.

A central capacitor C is connected between all
terminals C;... and ..., and used as a temporary energy
storage device.

The voltage fluctuations of Upcj from the viewpoint of
the module M; can be described as stochastic. Whenever
the voltage Upc; is slightly higher than Ug, the current
flows through the power diode D;.; charging the central
capacitor C. Switch Q; blocks the current flow in the
opposite direction. Whenever the voltage Upc.i drops
below Uc the diode D;.; is reverse biased and the control
of current flow from point C; to &; is taken over by the
switch Q;. The inductance L;; and L;, limit the
maximum current stresses. The diode D;.; has a function
to eliminate the effects of arc discharge and overvoltage
spikes.

In difference from electrical scheme presented in [7]
there are 2 coils in each module. Such solution is
accepted for supression of circulating currents in
common ground wires between supply rectifiers’ anode
groups diodes (thyristors). By the way the accepted
solution allows increase the reliability of switches
operation.

IV. COMPONENT DIMENSIONING

The total charging current if all the modules are
recuperating must be noted:
ic=libc;1 +ipc;2+: 1 +ipcin (6)
that has to be lower than the maximum charging current
of the buffer capacitor

i du - @)
Ic < C( at )max

The capacitor bank is dimensioned accordingly. If the
recuperation current is assumed to have a triangular
shape with a decreasing slope, i.e., the current is

described as i r.i(1-t/t;) noting that any selected time frame
t<<t.i, then the capacitor voltage change is

ng AN t 8
=St . ®
C r,i
which leads to
ngiy ;
Uc=tr,iT+Udc,idle ; ©)

where g is a coefficient of coincidence of recuperation
processes for n drive systems, but Ugc.igie is as in Eq.(1). If n =1
then g = 1, as n increases, g decreases. Approximately based on
experience it can be assumed that

g=1/n2 . (10)

Taking such a value into account, the maximum permitted
value of capacitor voltage Uc.max can be reached if capacitance

Cis
_ 3‘\/ nzirA,i.tr,i
2(UC,max _UC,idIe))
For instance, iAr;i = 20A, tei = 0.3s, UC;max =670V, UC;idIe =
560V, then
o forn=4 — C=433mF,
e forn=3 —>C=39.3mF,
e forn=2—> C=343mF,
e forn=1-—> C=273mF.

C (11)

V. CONTROL STRATEGY

There are three different operational modes of the device as
summarized in Table 1.

Table 1. Various working modes

| ‘ Energy flow ‘ D; | bias | Q; bias ‘ Q; state ‘ Voltages ‘
1 | From DC; to DCy,;, | forward | reverse any Upe, > Ug
2 | From DC,,;, to DC; | reverse | forward ON Upe, <Ue 2 Uy
3 None reverse | forward OFF Upc, < Uc £ Urey

1. The energy is flowing from any module M; to the subgrid
DCqy and is controlled passively.

2. The energy flow from DCgy, is controlled with switch Q;
and the current is limited by L;. Here, a variable U is
introduced - a minimum voltage that has to be sustained on the
DC subgrid. The state of Q; is fully on if Uc is higher than U,
and fully off if it falls below Uy . Setting Uy to above Uge:igie
means that C never discharges below the voltage of idle DC
bus. The charging, as mentioned, is possible only if Upc.i > Uc.
Thus, it is assured that only the recuperative excess energy is
being exchanged in DCgyp,.

3. An idle state is possible when no energy is being
exchanged. This is the case when Uc drops below Uy . All the
switches Qi equally depend on UC, thus in normal operation
their states are changed simultaneously. (For functional and
safety purposes, any of the modules may also be disconnected
separately. This, as well as the initial charging of C, however, is
not discussed here). In practice, the reference voltage Uref is
implemented with a hysteresis and is set in the range

U ref :onff;UonJ : (12)
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VI. EXPERIMENTAL VALIDATION

Many short acceleration/deceleration phases are
typically present but not limited to industrial robotics.
Therefore, the application tests are made on industrial
robot manipulators with permanent-magnet synchronous
servo motors and their drive systems with three-phase
full-bridge diode-rectifiers. High-payload robots RBI
and RB2 of type KUKA KR200-KRC2 have been
selected to execute various applications. Their drive DC
links have been shared according to the power circuit in
Fig. 4 using a central capacitor of size C = 45mF.

Various U, modes have been tested. Figs. 5 and 6
show the crucial difference between low and high Uy
Positive current represents the energy flow towards
DCsub. Fig. 5 illustrates the case when off voltage is low
(520 V) and switches Q; are permanently on. Here, the
robot RB1 is accelerating while RB2 is in standstill. RB1
causes a temporary voltage drop on its DC bus that is
partly compensated by current flow from DCgy and a
preceding voltage drop on Uc. Since the both Q, and Q,
are on, the voltage drop on C is passively compensated
by RB2 with a positive current flow Ipc, over the diode

—1
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Fig. 5. Working modes with U, = 540V, Uy = 520V.

The effect when a drive system supplies power to a
DC link that does not have a load in its own system, is
undesirable and can cause certain control errors. To
eliminate this effect the criterion

Uott > Udc:idle (13)
must be satisfied. The operating mode of Uy =[560;
600] is shown in Fig. 6. Various processes are to be
recognized here:

_ t=0:2s recuperation of RBI,
_ t=0:8s power requirement of RBI,
_ t=1:5s recuperation of RBI,
_ t=1:7s recuperation of RB2,
_ t=2:6s power requirement of RB2,
_ t=2:8s recuperation of RB2,
_ t=4:3s recuperation of RBI.
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Fig. 6. Working modes with U ,,= 600V, Uy = 560V.

The current flow of the positive terminal is cut whenever Uc<
Uy - Since at experiments the negative terminals were directly
connected, an equalizing circular current Iy is present at the
negative terminal and

Im;i+1> 05 if Upci+1 > Upci - (14)

Value of Im at common negative wire depends on the
difference of resistances of the lower half-bridge of drive
rectifiers. In the experiments, a minimum circular current lp.min
has been determined when RB1 is in idle mode but RB2 is in
operation.

Energy consumption of industrial robots highly depends on
many parameters such as load, application type, acceleration
profiles, etc. [7]. The estimated savings of the DC bus sharing
approximately equal the otherwise wasted energy at the brake
chopper. Since movements of all robot manipulators are not
synchronized, consumption also depends on how much the
supply-requirement and regenerative phases overlay as
described by coincidence factor g in (10).

Table 2. Energyv measurements of robotic applications

Application | DC bus | Conswmption | Difference
type sharing [kWh] (%]
Welding none 3.66
Welding v 345 5.6%
Handling noune G.44 -
Handling v4 5.11 -20.6%

Table 2 summarizes the energy requirement for 1 hour
operation of two KUKA KR200-KRC2 robots with a load of
approximately 30 kg running two types of programs, in each
case with and without DC bus sharing. During the whole
measurement, none of the DC links reached the brake chopper
threshold voltage. The reference voltage was set to Uref = [560;
600]. Previous experiments have shown the energy-saving
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potential of using capacitive energy buffers per
industrial robot drive system [1]; the proposed DC bus
sharing enables the same potential to be reached using
just one buffer within a DC subgrid.

For more estmations a computer simulation of robot
system operating with common energy storage capacitor
and individual bus of robot connection through the
scheme of intermediate module according to Fig.4 has
been made. Five robot supply rectifiers with common
for them AC network have been applied operating with
different frequency f;=0.5 Hz for robot N1; £,=0.7 Hz
for N2; £3=0.6Hz for N3; f,;=1Hz for N4 and fs=0.6Hz
for robot N5. Respectively duty ratios of loading with
averaged current 28 A for each robot were 0.278; 0.305;
0.278; 0.333; 0.278. Averaged meaning of regenerated
current was 20 A for each of robots. Simulation process
lasts for time interval of 20 s operation in two different
situations — without the central capacitor of 45 mF and
with central capacitor applying connection modules
switches of which have been operated at U,z=540 V and
Uy=550 V.

In table 3 the results of simulation are summarized for
operation of all 5 robots and for operation in 3 another
cases when each later robot was not activated, i.e. for 4,
3 and 2 robots operation cases.

SC2 operates as a rectifier through its diodes. At loading of the
bus its module converter SC2 is activated at 180° conductivity
of its switches but SC1 works as BOOST element with reduced
duty ratio of its switches providing reverse flow of power from
the storage capacitor to the loaded bus [8].
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Fig.7. Scheme of the bidirectional power flow module with insulating
transformer between DC bus and storage capacitor.

Control of the system can be provided using measurement
diode in DC bus circuit with digital sensor SU1 (Fig.7). When

regeneration takes place the diode is reverse biased and output
R of the sensor is at its high logical level activating through D1

converter SC1 operate with 180° conductivity. Output L is at its

zero level and switches of converter CS2 are stopped. Transfer

of regenerated energy to the storage capacitor takes place.

When motors unit of the DC bus is activated through

TABLE 3

VOLUMES OF CONSUMED FROM SUPPLY ENERGY (kJ)
case Rob.1 Rob.2 Rob.3 Rob.4 Rob.5
without | 89.33 99.0 89.2 107.2 89.2
with C | 56.9 55.0 66.0 66.4 66.1
With C | 59.34 58.5 54.74 73.37
With C | 63.38 60.12 61.17
With C | 69.26 64.5

As it can be seen without energy storage system total
consumption of energy by 5 robots is 473.93 kJ;
consumed energy with storage device is 310.4 kJ, i.e.
34.5% of energy is saved. Calculated by (5) saving
amount is 30.3%.

In case of operation of 4 robots saving level is 36%;
for 3 robot case saving level is 33.5%; for 2 robot case —
saving level is 29%. Calculations show very close
results.

VII. PROSPECTIVE SCHEME OF CONVERTER MODULE

Presented previous scheme anticipates common
connection of DC busses through non-insulating
modules to the central storage capacitor. Such solution
has certain drawback of introducing extra electrical
alignment contours. Better way should be in connection
of individual busses with storage central capacitor
through their modules with insulating transformers
(Fig.7). Primary winding of transformer has to be
connected with individual bus through switching
converter SC1, but secondary — to the central capacitor
through switching converter SC2 of the module.
Therefore at regeneration at the bus its converter SC1
will be activated at 180° conductivity of its switches but

measurement diode current is passing and digital signal exist on
SUI output L; this signal activates converter SC2 on 180°
conductivity of its switches and provides decreasing of duty
ratio for switches of SC1, with control of process with current
limitation.
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Fig.8. Simulated diagrams of currents and voltage of storage capacitor of
100pF.

Fig.8 presents the diagrams of currents and storage capacitor
voltage obtained in way of computer simulation experiments. In
very first loading cycle voltage of capacitor is at its lowest
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threshold level and output of the sensor SU2 is at zero
level disallow discharging of the capacitor.

CONCLUSIONS

1. Regeneration energy of several robot system can be
efficiently utilized using one central storage capacitor of
sufficient high its capacity.

2. For proper operation of the system each robot’s DC
bus has to be connected with the storage capacitor
through bidirectional power flow converter module.

3. The converter module can be realized with
electrically non-insulated connections with other
converters as well as with insulated by transformers
circuits.

4. The experimental results with industrial robots show
energy savings of up to 20% for each system.

5. Computer simulation of robot system with number of
involved robots up to 5 shows that it does not depend on
the number of robots an operating saving effect can
reach up to 30%.

6. Further work includes DC subgrid extension with
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Ivars Rankis, Davis Meike, Armands Senfelds. Regenericijas energijas utilizacija industriilo robotu sistéma

Publikacija aplakoti robotu grupas piedzinu elektromotoru regeneracijas energijas utilizacijas iespgjas, izmantojot kop&ju lielas kapacitates energijas uzkrasanas
kondensatoru. Piedavats tehniskais risinajums ar individualo robotu lidzstravas kopnu tieSu sasaisti caur pusvaditdju divvirziena jaudas plismas moduli ar
centralo energijas uzkraSanas kondensatoru . Aprékinata $1 kondensatora nepiecieSsama kapacitate atkariba no robotu skaita sisttma. Sist€éma aprobéta
ekspluatacijas apstaklos un iegiti labi energijas taupiSanas rezultati, kas gan atkarigi no robota veiktas tehnologiskas operacijas, bet ietaupijums var sasniegt pat
30% no energijas, kas nepiecieS§ama darba bez uzkraSanas ietaises. IevieSot zinamus tuvinajumus, teorétiski aprékinata iesp&jama elektroenergijas ekonomija
robotu grupai atkariba no robota darba un regeneracijas intervalu laiku relativas attiecibas periodiskaja darba procesa un darba un regeneracijas stravu amplitadu
attiecibas. Paradits, ka, samazinoties $Im attiecibam, energétiska efektivitate pieaug un ekonomija var sasniegt bitiskus lielumus. Teorétiskie aprékini labi
sasaka\nojas ar praktiskos eksperimentos iegltajiem. Paradits, ka loti butisks moments ir saistits ar pareizu sist€émas darbibas vadibu, kura reducéta uz
kondenstaora sprieguma vértibu izmainu diapazona ierobezoSanu. Izveidota sist€ma tomeér nav pilniga, jo tiesa lidzstravas kopnu sasaiste rada stravas nevélamas
cirkulacijas kontiirus, kurus jaierobezo ar specialiem reaktivajiem elementiem. Lai novérstu $o trikumu, tiek likts prieksa veidot ar transformatoru izolétu sasaisti
ar centralo kondensatoru, kura iesp&ams izmantot superkondensatoru ar daudz zemaku spriegumu neka robota Iidzsprieguma sist€émai. Izveidota shéma, kura
transformators no abam pusém atdalits no robota kopném un kondensatora ar diviem tranzistoru invertoriem, kuri var darboties divos virzienos, nodroSinot
energijas plismu gan robota motoru regeneracijas laika - no kopném uz kondensatoru, gan robota slogo§anas laika - otradi.

HBapc Pankuc, JaBuc Meiike, Apmanjic llendesac. YTuim3auus pereHepupoBaHHOI JHEPIrUM B CUCTeMe MPOMBIILIEHHbIX POOOTOB

B my0Gnukanum paccMOTpeHbl BO3MOXXHOCTH YTHIIM3ALMM SHEPTMH B XOJE PEreHEepaTHBHOrO TOPMOXKEHHMS TPYHIIBI JIEKTPOIPHBOLOB POOOTOB, HCIIONIB3Ys
KOH/ICHCATOpPB! OONBLION €MKOCTH IJIsI HAaKOIUICHHS dHEpruu. IIpeanoxeHo TeXHHYECKOe pelleHHe, B KOTOPOM HHAMBHAYalbHbIE IIMHBI MOCTOSHHOTO TOKa
Ka)XI0T0 pobOTa HEMOCPEICTBEHHO 4Yepe3 IMONYHNPOBOAHHKOBBI MOIYNb JBYHAIPABICHHOTO IIOTOKA MOIHOCTU HANpPSMYIO COCAMHEHHI C LEHTPAIbHBIM
SHEPrOHAKAILIMBAIOIIMM KOHJEHcaTopoM. Paccunmrana HeoOXoauMas €MKOCTb 3TOr0 KOHIEHCATOpa B 3aBUCUMOCTH OT YMCIa POOOTOB, NMOAKIIOYEHHBIX K
KoHzeHcaTopy. CHcTeMa ampoOMpOBaHA B YCIOBHSX JKCIUTyaTallUM M AOCTUTHYTHI XOpOIINE Pe3yIbTAaThl IO DKOHOMHUH DIEKTPOIHEPIHH, KOTOPHIE BCE XKe
3aBHCAT OT TEXHOJIOTHYECKOTO IMKJIA, BBIIOTHAEMOTO pOOOTOM, HO BO3MOXKHO HocTH4b 10 30% OKOHOMHH OT OSHEpruy, morpebisemMoil 0Oe3
3HeprocOeperarouero ycrpoicTpa. BeeaeHrneM HEKOTOPBIX YIPOLIEHUH HOIy4YEeHbl TEOPETHYECKUE BBIPAKEHHS /IS pacueTa BO3MOXKHON SKOHOMHHU 3HEPTUH IS
TPYNIIBI POOOTOB B 3aBHCHMOCTH OT OTHOLICHUS ATUTENBHOCTEH MHTepBada akTHBHOHW paboThl poOOTa M MHTEpBala PereHepaliy B IePHOJHIECKOM PEeKUME
paboTHL, a TaKXKe OTHOIICHUS aMILIUTYJ TOKOB HAarpy3Kkd U pereHepanuu. IlokazaHo, 4To Ipu YMEHBIICHAH 3TUX OTHOIICHHH 3HepreTHdeckas 3 (eKTHBHOCTD
BO3pAcTaeT M SKOHOMHS MOXKET OBITh CyIleCTBEHHOM. TeopeTnueckue pacyeThl XOPOIIO COrIACOBBIBAIOTCS C SKCIIEPHMEHTAIBHO NoNy4deHHbIMU. [Toka3aHo, 4To
OYEHb CYIIECTBEHHBIM SIBIISICTCS IPUHATBHIA 3aKOH yIpPaBICHHs, KOTOPHII B JAHHON CHCTeMe PeIylUPOBAaH K OTPAaHUYCHHUIO IUANAa30HA H3MEHEHHS HAIPSDKEHUS
SHEPro HaKaIUIBAIONIEro KOHJeHcaTopa. Bee-Taku pa3paboTaHHasi cHCTeMa HE SBISICTCS IOMHOLECHHOU, MOCKOIBKY IPUHATO HEMOCPEICTBEHHOE COSIHHEHHE
IIMH HOCTOSHHOTO TOKa OTAEJIBHBIX POOOTOB M IIPH 3TOM BO3HUKAIOT KOHTYPHI JUISl IUPKYISIIMOHHBIX TOKOB, KOTOPBIE HEOOXOANMO OTPAaHUYHUTh PEAKTUBHBIMA
anemenTamu. [IpeiokeH HOBBIM BapHaHT pealH3alldd CHCTEMbI C H30IHPYIOIINM TPaHCHOPMATOPOM MEXIY OTAECIbHBIMH POOOTaMH M LEHTPATbHBIM
KOHJ/ICHCATOPOM, B Ka4eCTBE KOTOPOTO MOXKET OBITh HCION30BAaH CYIEPKOHICHCATOp C IIOHIDKEHHBIM II0 OTHOIICHHIO K IMMHAM DPOOOTOB HANPSDKEHHEM.
Paspaborana cxema, B KOTOpOil 00€ cTOpOHBI TpaHc(hopMaTopa IOKIIIOYESHBI Yepe3 HHANBHIYaIbHbIE HHBEPTOPHI, CIOCOOHEIE padoTaTh B IBYX HAIlPaBICHUSX.
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