Cubupcrkuii scypnan nayku u mexnonozuu. Tom 20, Ne 2

UDC 519.876.5: 629.783
Doi: 10.31772/2587-6066-2019-20-2-228-235

For citation: Komarov V. A., Semkin P. V. [Development of interface module emulator architecture for spacecraft
life support systems]. Siberian Journal of Science and Technology. 2019, Vol. 20, No. 2, P. 228-235. Doi:
10.31772/2587-6066-2019-20-2-228-235

Jas mutupoBanusi: Komapos B. A., Cemkun I1. B. Pa3zpaboTka apXutekTypsl aMyisTopa HHTEpHEHCHBIX MOTYJICH
COTIPSDKEHUS] CHCTEM JKU3HEOOeCTIeueHUsI KOCMUYECKUX anmaparoB // CuOUpCKuil )KypHal HayKd W TexXHonorui. 2019.
T. 20, Ne 2. C. 228-235. Doi: 10.31772/2587-6066-2019-20-2-228-235

DEVELOPMENT OF INTERFACE MODULE EMULATOR ARCHITECTURE
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The article gives an analysis of special characteristics of ground-based experimental evaluation of on-board radio-
electronic equipment, taking the control unit of up-to date spacecraft on-board control complex as the test objective.
The focus is the problem of providing testing procedures of the specific software employed in design and manufacture
process. A solution of the problem is worked out on the basis of performance of a hardware-software complex which
emulates interface modules for the computing module of control unit. According to the general operation algorithm of
the control unit, the developed complex is regarded as a multi-user system. The main functional requirements for
hardware-software emulator, regarded as the corresponding queuing system, are also defined. The results of the
experiments with the computer module operation prompted the requirements for the emulator response time from the
point of view of its operation stability in real strict-time mode. In order to ensure the required efficiency of operation,
the emulated functions of the interface modules are classified according to the severity level of their execution
determinacy. The results of experimental evaluation of the service channel hardware design variants when applying
multi-functional reconfigurable input-output digital devices allowed to develop a hardware-software emulator
structural circuit based on operation parallelism of programmable integrated logic circuits and flexibility of software
reconfiguration. The realization of emulated functions of selected classes within the available architecture was carried
out using the corresponding hardware blocks and software module. The presented analysis of the emulator response
limits was performed with the application of National Instruments technologies. The results of the developed hardware-
software emulator evaluation and practical application, as well as other possible ways of applying the proposed
approach for tests of spacecraft on-board radio-electronic equipment and space system components were also
analyzed.

Keywords: practical evaluation, spacecraft electronic equipment, multi-user system, software- hardware modeling.
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Paccmompena cneyugura nazemnou 3KcnepumenmanbHoi ompabomru OOpmogol paduoINeKmpoHHOU annapamy-
bl Ha npumepe O0Ka ynpasieHus 60pmoeo2o KOMNIEKCA YAPAGIEHUsl CO8PEMENHbIX Kocmudeckux annapamos. Cghop-
MYIUPOSara npobrema obecnevenuss npoyecca mecmuposanusl €20 NPOSPAMMHO20 0becnederus 8 npoyecce nPOoeKmi-
posanusi u useomosnenus. Ilpednodceno pewenue 0003HaAUeHHOU NPOOIEMbl HA OCHOBE ANNAPAMHO-NPOSPAMMHOZO
KOMNJIEKCA, IMYyaupyrowezo pabomy unmeppetucnvlx Mooyaell CORpsNCeHuss 015 GblYUCTUMENLHO20 MO0V ON0KA
ynpasnenus. B coomeemcmeuu ¢ 0600ujeHHbIM al2OPUMMOM DYHKYUOHUPOBAHUsL OIIOKA YNpaeienus paspabamepieae-
Mbll KOMNJIEKC PACCMOMPEH 6 8Ude MHOZONOIb308AMENbCKOU cucmembl. Onpedenensl OCHOBHbIE (DYHKYUOHATbHBIC
mpeboBanUs K annapamuo-npocpamMmHOMy IMYIAMOPY KAK K COOMEEMCMBYIowell cucmeme Macco802o 0OCIYHCUBAHUS.
Ha ocnose npogedennvix IKCnepUMEHMANbHBIX UCCIEO08ANUL NPOYECCa (PYHKYUOHUPOBAHUST BLIYUCIUMENIHO20 MOOYISL
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chopmynuposanvl mpedO8aHUA K 8peMeHU PeaKyuu IMYIAMopa ¢ mouKy 3peHus obecneyeHus e2o pabomul 8 pexcume
HCECMKO20 peanbHo20 8pemeHu. B yendax obecneueHuss mpebyemoll onepamusHocmu QYHKYUOHUPOBAHUS NPOGedeHd
KAACCUPUKAYUS IMYTUPYEMBIX DYHKYUTI UHMEPDECHBIX MOOYIeU CONPANCEHUs 8 COOMBEMCMBUU CO CMENEHbIO KpPU-
MUYHOCIU 0eMEPMUHUPOBAHHOCIU UX 6binoaHenus. 1lo pesyrbmamam dKcnepumMeHmanbHol anpobayuu 6apuarmos
MeXHUYECKOU pedanusayul KaHaia 00CIyHCUBAHUS HA OCHO8e MHO20QVHKYUOHATILHBIX YCMPOUCME PeKOHPU2YypUupyemo-
20 Yudposozo 8600a/6b1800a paspabomana CmpyKmypHas cxema annapamuo-npoOSPAMMHOZO IMYNAMOPA, OCHOBAHHAS
HA B03MOJICHOCMAX NAPANNENUIMA GbINOJHEHUs ONepayull 8 Npocpammupyemulx 102U4ecKUX UHMEeZPAalbHbIX CXeMax
U eubKocmu NPOSPamMMHO20 pekoHgueypuposanus. Peanusayus umumupyemuvix yHKyull 6610e1eHHbIX KIACCO8 8 PAM-
Kax npeoniodiCceHHol apXumekmypbl 6bINOIHEHA HA OCHOB8E COOMBEMCMBYIOWUX annapamuuix 010K08 U NPOSPAMMHOZO
mooyas. IIposeden ananus npedenbHbIX 3HAYeHUN BPEMEHY PeaKyuu SMYIAMOpa Ha npUMepe e20 peanru3ayui ¢ UCHob-
306anuem mexuonozuti National Instruments. Paccmompensl pe3yiemamel anpobayuu u eHeOpeHus: paspadomaHHo2o
annapamHo-npocpamMMHO20 SMYIAMOpd, d Mmakxice OdibHeluiue HanpasieHus NPUKIAOH020 NPUMEHEHUS NPEeON0HCeH-
H020 n00Xo0a 6 npoyecce UCNBIMAHUL OOPMOBOL PAOUOIIEKMPOHHOU ANNAPAMYPbl KOCMUYECKUX ANNAPAMO8 U KOM-
NOHEHMO8 KOCMUYECKUX CUCTHEM.

Knroueswvie cnosa: UCNbIMAaHUAl, 60pm06(lﬂ p(laMOSJleKWIPOHHCUl annapamypa, MHO2ONO01b306AMENbCKAA cucmema,

npocpammHo-annapaniHoe Moc)eﬂupoeaﬂue.

Introduction. Hardware-software complex for life
support systems control of up-to date long-life spacecraft
(SC) are subject to strict requirements concerning their
trouble-free operation under destabilizing effects of the
open space. One of the units of spacecraft (SC) on-board
control complex designed at JSC “Academician
M. F. Reshetnev “Information Satellite Systems” features
a control unit (CU) comprising a processor module (PM)
with a set of interface modules (IM) controlling the
corresponding SC systems, components and/or assemblies
(reaction-control ~ system, thermal control system,
electrical power system, pyro control units, actuators,
etc.).

Problem description. Complexity of the PM software
operation algorithm and several operating mode options
(regular mode, on-board attitude control, etc.) required
development of a specialized test complex applicable for
ground testing and evaluation [1]. As a rule, the CU PM is
a unified module, and the interface modules are made
with regard for specific configuration of the correspond-
ing SC service systems; that accounts for significant di-
vergence of the software versions. Data exchange of the
SC onboard central computer complex and CU PM is
possible, for example, via a multiplex exchange channel,
and the exchange of PM and IM is supported by a special
internal data exchange interface (IDEI) [1; 2]. This ex-
change attachment operates special microcircuits or IP-
cores, installed in field-programmable gate arrays (FPGA)
of IM and performing the functions of the corresponding
internal data exchange interface controllers (IDEIC). Fig.
1 presents general block diagram of the control unit.

The PM software testing procedure provides for
the possibility of issuing external commands for the PM
and the need to ensure two-way data communication of
the PM and the corresponding IMs (fig. 1). This dictates
the need for ready-made IM units connected to PM, usu-
ally featuring many hardware design and operation algo-
rithm variants aimed for different SC. Meeting these re-
quirements in PM software evaluation at the design stage
is sometimes impossible, and cost-ineffective anyway, as
it induces high expenses for supplying additional IMs [1].

Problem solving description. The problem of provid-
ing PM software advanced testing without IM can be
solved by applying a special hardware-software complex
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emulating their performance within the CU. Here are the
requirements for the emulator under development.

When the control unit installed in the spacecraft on-
board control complex operates at time intervals and in
sequence determined by the online leg of PM software
algorithm, and by external command sources (OCCC, test
instrument system, etc.), processor module of the control
unit supports data exchange with corresponding interface
modules through internal data exchange interface. Data
exchange is performed by calling the corresponding soft-
ware modules which in their turn call the IMs. Normally,
calling each IM involves data recording in control regis-
ters — control data words, followed by reading the content
of IM status register — status data words, displaying the
issued control inputs execution and current SC systems
and components status. Analysis of the state data words is
followed by the execution of the corresponding leg of PM
software algorithm. Let the control data words generated
by the PM software be denoted by the set:

Kpy ={K|i=11I}, (1)
where I — the number of IM installed in CU; K; — control
data words subset, generated by the respective software
module for i IM.

IM-generated status data words are presented in the
form of the set:

Zyy ={Z]i=11}, )
where Z; — status data words subset, generated by i IM.
Thus, conversion of IM control data words subset K;

into status data words subset Z; can be generally
expressed as follows:

Z = fi(K), 3)
where f; — ratio function, generally describing the
corresponding conversion ( f; : K, = Z;). The type of f;
function and the form of its presentation is determined by
the functional purpose, hardware design and logic of the

corresponding IM.
The collection of ratio functions f; forms the set:

Foy ={fili=11}, 4)
where Fpyw — set of control data words conversions, real-

ized by the corresponding interface modules installed in
the control unit.
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In accordance with the introduced designations
(expressions (1)—(4)), the developed interface module
emulator must ensure the realization of Fpyw conversion
functions set for control data words set Kpyw generated by
the corresponding software modules of the PM software
and entering through the internal data exchange interface
at random times (fig. 1). In this case, according to the PM
software general logic, new control data words are not
transferred to the corresponding IM until the status data
words generated on the results of the execution of the
previous ones are read, or their generation waiting time is
not exceeded [2].

In view of the above, the developed IM hardware-
software emulator can be regarded as a multi-user system
operating in an interactive dialogue mode [3-5]. In this
system:

— user terminals (sources of requests) are PM software
modules that generate and exchange data with the
corresponding interface modules;

— requests are control data words recorded in the
corresponding registers;

— request processing means performing the conversion
of control data words into status data words;

— response means status data words generated in the
corresponding registers.

General block diagram of the developed interface
module emulator as a corresponding closed queuing sys-
tem is shown in fig. 2 [3; 4].
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The main objectives of the queuing system design the
article deals with (fig. 2) is the development of its struc-
ture and analysis of the main approaches to realization
of a service channel aimed at ensuring the required

response time t:. The emulator response time f: is the
sum of the in-coming control data words queuing time

(Kpw set) — ;q and the generation time of status data

words (Zpw set) — f, in correlation with conversion
functions set Fpy (fig. 2).

The results of experiments with operation of the
control unit processor module carried out on the basis of
the ground-based debugging complex of onboard
electronic equipment [1] helped to determine the
following characteristic features of the queuing system
shown ThfigpPesence of several types of control data
words K; (see expression (1)), generated by the
corresponding software modules, and the related time
constraints imposed on the generation efficiency of the
state data words Z;

2. Large-scale change of the time intervals between re-
transmitted calls to IM (for example, from 10 us to 200
ms), the probable values of which depend on: the online
leg of the PM software algorithm; hardware design and
current configuration of the corresponding IM; the current
status of SC systems, components, assemblies; CU opera-
tion mode [1; 2].

Fig. 1. General block diagram of the control unit of the on-board control complex:
PM — processor module; IDEI — internal data exchange interface; IDEIC — internal data exchange
interface controller, 7/ — number of control unit interface modules; OCCC — onboard central
computer complex; MEC — multiplex exchange channel

Puc. 1. O600mIeHHast CTPYKTYpHAs cxeMa OJI0Ka yIpaBlieHHs OOPTOBOTO KOMIUIEKCA YIIPABIICHHS:
BM — BerunciutensHbiit Moayne; BITU — BHyTpunpubopHsiii naTepdeiic oomena nannsimi; KBITU —
KOHTPOJUIEp BHYTPUIPUOOpHOTO nHTepdeiica ooMeHa; / — 4ynuciio MHTepHEHCHBIX MOLYIICH COMPSIKECHUS
6noka ynpasnenus; BLIBK — 6opToBoii ieHTpanbHbIil BEIYHCINTENbHBINA KoMIuieke; MKO — mynbTHIUIeKC-
HBII1 KaHaJ1 oOMeHa
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Fig. 2. General block diagram of the interface module emulator as a queuing system

Puc. 2. O6o6uieHHas CTPYKTYpHas cxema aMyJisiTopa HHTepdeicHbIX MOLyIIeit
CONPSDKEHNS KaK CHCTEMBI MacCOBOTO 00CITY)KUBAHHS

The analysis of the initial data for IM design, and also
for PM software design, helped to determine the follow-
ing integrated classes of control data words Kpy:

— Class Ne 1. The time required by the emulator for
generating status data words in the corresponding regis-

ters is not more than 12 us (;51 <12us);

— Class Ne 2. The time required by the emulator for
generating status data words in the -corresponding
registers exceeds 12 us, but is not more than 150 ms

(12us < 2(2 < 150 ms).

Thus, in accordance with the determined special char-
acteristics, hardware-software emulator of interface mod-
ules as a closed queuing system must ensure the
in-coming request processing determinacy specified by

;51 and ;52 values, 1. e. realization of real strict-time
mode related to PM internal processes in the situation
of incomplete empirical data on the incoming traffic pa-
rameters [6].

Preliminary evaluation of the service channel based on
the programmable integrated logic circuit of the recon-
figurable digital input-output device in the form of func-
tional hardware registers linked to the IP- core of the in-
ternal interface controller revealed its low processing
speed of class No.1 control data words. The correspond-
ing time the control computer requires for reading Kpw,
program conversion Fpy : Kpyw — Zpy, and recording

Zpy values into respective FPGA registers, designed with
account for breaks formed with entry of new Kpw values,

made 10—15 ms (i. e. t=10-15 ms) regardless of control
data words queuing time.

To ensure the required performance efficiency, a
combined emulator architecture based on the features of
FPGA operational parallelism and program reconfigura-
tion flexibility was worked out [2; 7]. With the account
for the revealed discontinuity of control data words gen-
erated by PM and the given classification of speed re-
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quirements for status data words generation, Kpw and Zpy
sets can be presented as follows:
KDw:Kg\lN UKg%J’ ZDW:Z§\1N Ulgfw,
where Ky, and KLy, — IM-emulated control data words
sets, belonging to the selected classes Ne 1 and Ne 2;
Z5, and Z55, — IM-emulated status data words sets,

belonging to the selected classes Nel and Ne2. Respec-
tively:

I I

Kl _ K1 Kl _ K1

Ky =S . 28, -z,
i=1 i=1

K2 ! K2 K2 ! K2

KDW :UKi > ZDW :UZi

=l =l
where KX, K}* and Z*', Z* - control data words sub-

sets and generated on their basis state data words subsets,
belonging to the selected classes Ne 1 and Ne 2 for each i

IM. At that KX K]? c K;; 2K, 7] < Z, (see expres-
sions (1), (2)).
In a similar way, functional separation of conversion

functions set Fpyw of the selected classes of the processed
control data words is performed:

FDW:F];(\}\/UF];(\%/’

I
Kl Kl Kl
FDW:Ufi S < s

i=1

I
Foy =U A 5 < )
i=1

The developed block diagram of the interface modules
hardware-software emulator, taking into account the ex-
perimentally revealed discontinuity of the processed con-
trol data words, is shown in fig. 3; it comprises a multi-
functional unit for reconfigurable digital input-output
from FPGA, controlled by the respective industrial com-

puter [8].
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Fig. 3. General block diagram of the interface modules hardware-software emulator
of SC life support system

Puc. 3. OGo01eHHas CTpyKTypHas cXxeMa anapaTHO-IPOTrPaMMHOTO IMYJISTOpa HHTEPPEHCHBIX
MOJLYJICH COTPSKEHHSI CHCTEM )KU3HE00ecIeueH!sl KOCMUYECKOTO arlnapara

General representation of the developed hardware-
software interface modules emulator as queuing systems
used in processing the corresponding requests (control
data words) of Ne 1 and 2 classes is shown in fig. 4 and 5
respectively [3; 4].

In accordance with the chosen approach, individual

service channels realizing ratio functions fX' for class

No. 1 control data words (see expression (5)) come in the
form of hardware conversion units making use of FPGA
resources (see fig. 3). This approach ensures determinacy

of ZiKl generation delays and possibility of setting up
parallel individual service channels for several emulated
interface modules within a single FPGA of the applied
reconfigurable digital input-output device.

Ratio functions conversions specified by the Fia set

(see expression (5)) are realized by the application of the
top-level program module SA4™, installed in an industrial

computer (see fig. 3). When new KiK2 values enter the

control registers, a single interrupt queue is formed for all
emulated IMs; in the order of their generation, interrupts
are processed in the general software module S4** by way

of reading K, their conversion and recording Z**in

the corresponding hardware registers of FPGA linked
with SWUI IP-cores.

The analysis of the probabilistic and temporal charac-
teristics of queuing systems presented in fig.4 and 5 can
be performed on the basis of standard approaches [3-5; 9;
10]. Taking into account the necessity of ensuring the
developed emulator performance in real strict-time mode

(;El <12us, 12 us < 252 < 150 ms) we analyze the worst
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situation of delays in status data words Z&\, and Zg3,

generation through the example of the developed emula-
tor approbation in IROBO-4000 industrial computer and
PCI-7813R device [2; 8].

Class Ne 1  requests

FXy i K55, > Z5, conversion) is carried out by means

service  (performing

of already developed parallel service devices, the number
of which equals the IM number (see fig. 4).

Here the service device is thought of as SWUI IP -
core with the corresponding hardware conversion unit
making use of FPGA resources. The number of service

devices for K5\ equals the number of IMs in the control

unit; that excepts the accumulation of entering requests in
the queue; thus, the emulator response time is determined
by their service time. For the queuing system presented in
fig. 4, the service time of requests is determined only by
the time of the corresponding data words generation in
status registers, and for the given hardware-software emu-
lator implementation variant based on the results of the
corresponding FPGA project development the time equals
2 clock-cycles [11-13]:
IS
Sos 40-10

where f;; — operational clock speed of FPGA project.

~K1
r

~K1
=1

50-107%s,

=

When new control data word values K of No. 2 re-

quest class enter the corresponding hardware registers, a
unified queue of hardware interrupts is formed for all
emulated IMs. The interrupts data are processed in the
S4"* software module in the order of their generation

(conversion Fpa : K5o > ZK%). Maximum delay of
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state data words Z/* generation when 7 = 8, caused by

control data words K

interrupt processing (see fig. 5) may be determined on
account of the above evaluation results of the service
channel implementation; the resulting expression is [3—5]:

)

=(1—1)-max(i§2)+max(ifz)=8.15-10‘3 =120-107 .

accumulation due to queuing in

~K2
ts =

~K2 ~K2
max(tr ) = max (tq ) + max(

Thus, the maximum values of response time in status
data words generation for K5y, and K53, obtained in use
of the specified hardware-software IM emulator architec-
ture meet the requirements formulated according to the
experimental evaluation of PM CU performance. The
suggested emulator architecture allows for modification
of the implemented in S4** program module ratio sets
FS% avoiding the FPGA project recompilation, thus pro-
viding its flexibility and unification for further industrial
application.

-

K1l Software

Z) i module 1 "
i ZK2

K1| o Software DW
Z 2 | module 2 v

K1 | Software
ZI module / @

Source of request

K1 . K1 K1
Foy Koy, = Z oy

Fig. 4. Representation of the hardware-software interface modules emulator
as a queuing system for processing of class No. 1 control data words

Puc. 4. [IpencraBinenue anmapaTHO-IIPOrpaMMHOTO SMYIISITOpA HHTEP(HEHCHBIX MOy el
CONPSIKEHUSI B BHJIE CUCTEMbI MaCCOBOTO
obciykuBaHus pu 00paboOTKe CIIOB JaHHBIX yIpaBieHus kinacca Ne 1

¢

K2 Software K2

Z module 1 ~K
Kk 7K

K2 Software 2 DW
ZZ module 2 >

K2 Software K2
ZI module / KI

Source of request

Fig. 5. Representation of the hardware-software interface modules emulator as a queuing
system for processing of class No. 2 control data words

Puc. 5. Ilpencrasnenue annapaTHO-IPOrPaMMHOTO 3MYJISITOpa HUHTEPHEHCHBIX MOAYyIei
CONPSDKEHHUS B BHJIE CHCTEMbBI MacCOBOTO OOCITy KUBaHUS IpH 00pabOTKe CIIOB TaHHBIX
ynpasieHus kinacca Ne 2
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Conclusion. The proposed know-how (fig. 3) has
been evaluated and successfully put into operation at the
department of astrionics design and test operations
of spacecraft control systems in SC “Academician
M. F. Reshetnev “Information Satellite Systems” within
the ground-based debugging complex of onboard elec-
tronic equipment [1; 2; 14; 15]. The debugging complex
facilities emulating control unit interface modules of the
SC onboard control complex with application of the pro-
posed approach feature a set of unified devices (hardware
modules) and the corresponding “FPGA firmware” (de-
veloped IMs) that can be independently modified and then
compiled in arbitrary order within the corresponding de-
vice [11-13].

Application of the PCI-7813R reconfigurable digital
input-output board allowed emulation of eight interface
modules of the control unit; that reduced the cost of PM
software evaluation by several times and shortened its
testing time. Further operation of the developed hardware-
software emulator proved that the used approaches and
developed techniques were correct and efficient [11-15].
The developed hardware-software emulator provides for
practical evaluation of regular PM software in the envi-
ronment simulating real operating conditions of SC; that
was achieved by applying certain methods simulating
inflight contingency situations for onboard radio-
electronic equipment and spacecraft: a number of faults,
such as internal interface exchange errors, one of the IMs
partial malfunction or failure, SC unit/component/ assem-
bly malfunction, etc. [14; 15].

In general, the evaluated approaches to the method of
software and hardware modeling with FPGA application
can also be valid for analysis of space systems operation
when using special units (components) of ground-based
and / or onboard electronic equipment for simulating the
changing conditions of transmitting signals via communi-
cation channels that depend on the propagation medium,
payload characteristics, SC path, etc. [16—18].
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