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The development of spacecrafts equipment is on the way to digitalization. In particular, energy spacecraft conver-
sion devices are being modernized by introducing digital automatic control systems instead of analog ones. This leads
to an increase in the efficiency of the power supply system, but at the same time, there is a need to create methods to
determine characteristics that will confirm with a high degree of accuracy and conformity of the manufactured sample
with the technical requirements specified during its design. The article describes the features of functioning and meth-
odology for determining digital control channel of a pulse voltage converter’s characteristics. The proposed approach
is a toolkit for verifying the correct implementation of both the hardware parts of the control channel and the control-
ler, which is a program code implemented on digital control devices. The technique is based on determining the degree
of responses correspondence to typical external influences of a hardware-implemented control channel and its model.
Based on the transfer functions of the IIR and FIR digital filters, using standard built-in models, the control channel of
the pulse voltage converter corresponding to the tested hardware-implemented device is simulated in the package Mat-
lab Simulink. The basic principles of building the software architecture experiment are described. A block diagram of
the test complex has been developed, including sources of external influence, control channel, and a test management
tool (in this case, a personal computer). An example of applying such a technique to verify the parameters of the devel-
oped PID controller is given. Operability and accuracy of the proposed method to determine characteristics of the con-
trol channel by reaction to a sequence of rectangular pulses, and by constructing the AFCL are experimentally shown.
Application of this verification method to production conditions will allow a complete check of individual central con-
trol units (CCU) of energy-converting equipment with closed feedbacks even at the stage of devices development, which
will eliminate errors in the implementation of regulators in control loops.

Keywords: testing, pulse voltage converter, digital controller, reference model, response, typical input.
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Pazeumue xocmuueckoeo npubopocmpoenus udem no nymu yugposusayuu. B uacmunocmu, snepeonpeobpasyiowas
annapamypa KoCMu4eckux annapamos MOOepHUUPYemcs nymem 6HeOpeHus Yyu@dpoewix CUCMeEM aA8MOMAMUYecKo2o
YNPAGIeHUs. 83aMeH AHATI0208bIX. DMO NPUBOOUM K NOBbIUEHUIO dDDEKMUBHOCIU CUCHeMbl JIeKMPONUMAaHUs, HO 8
Mo dice 8pems BO3HUKAEM HeoOX00UMOCHb 8 CO30AHUU ChOC0O08 onpedeNeHUs UX XapaKmepucmux, Komopbule no3601sam
€ 8bICOKOU CIMeNneHbio MOYHOCMU NOOMEEPOUNMb COOMEEMCmaue U320MosileHH020 Npubopa 3a0aHHbIM NPU NPOEKMUPO-
8aHUU MpPebOBAHUIM MEXHUYECKO20 3adanusi. B cmambe onucanvl 0cobenHoCmu QYHKYUOHUPOBAHUS U NPEONOANCEH
Cnocob onpedenenus XapaKkmepucmux Yyugposo2o KaHaia ynpasienus UMnYIbCHbIM Npeodpasosamenem HanpsdliceHus.
IIpeonosicennviii nooxo0 npedcmasisem cobol UHCIMPYMEHmMaputl 0iist NPOBEPKU NPABUILHOCIU PeATU3ayuu KaK anna-
PAmHbIX Yacmeti KAHAA YAPAGIEHUsl, MAK U CAMO20 Pe2yiamopd, NpeoCcmagiaioue2o coool npospamMmublil KOO, peanu-
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306aHHYLIL HA YUPPOBLIX yNpasiaiowux ycmpoucmeax. Memoo ocnosan Ha onpeodenieHuu cmenenu coomeemcmeust on-
KIUKOG HA MUNOBbie BHeWHUe 8030€lCMBUs. annapamHto peaitu308anHo20 KaHaia ynpasienus u eco mooeau. Ha ocnoese
nepedamouHbIX GYHKYULL Yupposulx Guibmpos ¢ 6eCKOHEUHOU UMRYIbCHOU XAPAKMEPUCTIUKOU U KOHEYHOU UMNYIbC-
HOU Xapakxmepucmukou, ¢ UCNOAb306AHUEM MUNOBIX CMPOCHHBIX MOOeel, 68 naKene UMUMAYUOHHO20 MOOeIUPOsa-
nua Matlab Simulink cmooderuposan kaman ynpasnenus umMnyibCHbIM Npeobpazosamenem HANPAXCEHUs, COOMEEmCHi-
BYIOWULL UCHBIMBIBAEMOMY ARNAPAMHO-PEANUZ08AHHOMY ycmpoticmgy. Onucanvl OCHO8Hble NPUHYUNBL HOCMPOEHUS.
NPOSPAMMHOU apXumeKkmypovl obecneyenusi sxcnepumenma. Paspabomana cmpykmypHas cxema UCnbimamenbHO20
KOMNJIEKCA, BKII0YAIOWAs UCMOYHUKU 6HEUHe20 030€UCMEUsl, CAM KAHAL YNPAGIEHUs U CPeOCMEO YNPAGIEHUsl NPoGe-
OeHueM UCNBIMAHUIL (8 OAHHOM CyHae nepCcoHANbHLIU Komnviomep). [Ipuseden npumep npumerenust maxKou Memoouxu
ona sepudurayuy napamempos papadomantozo nPONnOPYUOHATLHO-UHMESPATILHOZ0 OUPDEPEHYUATbHO20 pe2yasimo-
pa. JKcnepumenmanvbHo noKazana pabomocnocooHOCmb U MOYHOCHb NPEONIONCEHHO20 CROCOOA ONpedeleHust Xapax-
MepUCMUK KAHAA YRPABIeHUs N0 peakyuu Ha NOCIe008aAMeNbHOCIb NPAMOY2OJIbHbIX UMNYALCO8 U NYMeM HOCMPOEHUs
Jo2apu@dmuyeckol amMnIumyoHo-ghazoeou wacmomuoi xapakmepucmuxu. Ilpumenenue maxkozo memooa eepuguxayuu
8 YCIOBUAX NPOU3BOOCMBA NO3BOAUM 0OECRe UMy NOIHYIO NPOBEPKY OMOETbHbIX YUPDPOBIX YUPABGIAIOWUX YCIMPOUCME
9HeP2Onpeodpaszyiowell annapamypul ¢ 3AMKHYMbIMU 0OPAMHBIMU CESI3SIMU euje Ha dmane paspadbomxu npubopos, 4mo

N0360JUM UCKTTIOYUMb OUWUOKU 6 peaiuzayuu pecyiimopoe 6 KOKmypax ynpaeieHus.

Kniouegvie cnosa: mecmupoganue, umMnynbCHblll npeodpaz0eameb HANPSNCEHUs,, YUDPOBOL pe2ysmop, IMANOHHAS

MoOeb, OMKIUK, MUnogoe 8030elicmaeue.

Introduction. Operation of space technology devices
has its own specific features, which combine high cost
of failure, inability to repair, and a long period of con-
tinuous operation under conditions of outer space radia-
tion exposure. In this regard, all devices that are de-
signed for space technology go through a full cycle of
checks and tests, which differ in terms of regulations,
physical nature, and magnitude of disturbing effects. To
ensure reliability and quality of the equipment produced,
a multi-stage verification of the device is applied, which
includes tests according to a hierarchical system [1].
This is how the parameters of all electrical components
used are checked, tested for compliance with technical
specifications requirements: first the individual units of
the device, then the device autonomously as a part of the
spacecraft (SC). Today, space technology is actively
developing and modernizing. In this regard, develop-
ment of methods for testing onboard equipment remains
an important task.

One of the lines of space technology development is
modernization of power supply system, and, in particular,
energy-converting equipment. Improvements of microe-
lectronics and electronic component base allowed to start
introducing microprocessor systems to control the proc-
esses of voltage and current stabilization and regulation of
the power bus. Digital control systems (CS) have a num-
ber of advantages over analog systems, among them the
flexibility of setting parameters and independence of
characteristics from external climatic influences [2],
which is an important property for long-term operation in
conditions of external impact factors of outer space.

Introduction of digital controllers in microprocessor
systems sets the task of developing methods for determin-
ing their characteristics. Methods for characterizing ana-
log regulators are widely known. Analog regulators are
operational amplifiers with external feedback reactance.
Elements used for regulators undergo input control of
parameters and a series of electrical and temperature tests
aimed at revealing the drift of parameters. The regulator is
then subjected to electrical and functional tests. A digital
controller, in contrast to an analogue one, is a program
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code for a digital control device (DCD), consisting of the
operations of storing the values of variables, multiplica-
tions by constants and additions [3]. While a microproc-
essor system is used to control a pulse voltage converter,
the input signal — a feedback signal (feedback) for a digi-
tal controller is converted using an analog-to-digital con-
verter (ADC), and the output signal is formed using a
digital pulse-width modulator (DPWM). Since the ap-
proach to the physical implementation of digital and ana-
log controllers is significantly different, the test methods
applied to the control channel of an analog system are not
suitable for testing the microprocessor system.

In this regard, this work proposes a method for deter-
mining characteristics of a switched-mode power supply
(SMPS) control channel. The proposed method was veri-
fied during IIT prototype testing.

First, a description of the test object will be given,
which is a control channel of a SMPS, its features will be
highlighted based on which the approach to its testing is
developed. Next, the method for determining parameters
is explained — which software is needed to implement the
proposed method, and features of the test complex func-
tioning are explained. The next step is results of experi-
mental verification of the proposed method, by determin-
ing the degree of correspondence of the hardware-
implemented control channel of the IIT characteristics
with the results of simulation.

Test object. The object of testing is the channel of
SMPS digital control system, which is shown in fig. 1.

The control channel consists of a sensor, an analog-to-
digital converter, an error signal generator, a digital con-
troller and a pulse-width modulator [4].

Operation of control channel can be described as fol-
lows. A signal representing the value of physical quantity
is coming from the sensor. This signal is digitized by the
ADC and fed to the input of the error signal generator.
The digitized signal is subtracted from the reference sig-
nal, resulting in an error signal. The error signal is proc-
essed by a digital controller which calculates the control
signal. The control signal goes to the digital pulse width
modulator (DPWM).
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Fig. 1. Pulse converter control channel

Puc. 1. Kanan ynpasneHust UMITyJIbCHBIM TIpeoOpa3oBaTeneM

There are several ways to implement a control channel
[5]. It can be a microcontroller or digital signal processor
(DSP) with built-in ADCs, regulators and DPWMs, or it
can be a field-programmable gate array (FPGA) on which
the regulator and DPWMs are made, and the ADC is an
external device. However, the testing approach will be
identical.

The main testing element is the digital regulator. As a
mathematical object, the regulator is a digital filter with
an infinite impulse response (IIR — filter), or a digital fil-
ter with a finite impulse response (FIR — filter) [6]. For-
mulas of transfer functions IIR (1) and FIR (2) filters in
general form are given below.

N-1 )
Zbi . Z_'

D(z)=—"15 , (1)
1+ z ak * Z_k
k=1
N-1 )
D(z)=Y bz, )

i=0

where b;, ay are regulator coefficients, 71 is the delay ele-
ment per cycle of the regulator operation.

The digital filter, depending on the structure and val-
ues of coefficients, has a number of static and dynamic
characteristics that are unique for a given filter [7]. This
property is well manifested by determining the response
to typical inputs, including stepwise, impulse and har-
monic effects. All outputs will also be unique to this filter.
Based on this property, a methodology for checking the
control channel will be built.

Since the controller is a program code consisting of
the simplest arithmetic operations, it can be simulated in
the Matlab Simulink simulation system. The methods for
modeling digital filters in this program are well known
and have shown their efficiency [8]. Also, with a given
accuracy in this program, an ADC can be modeled in the
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form of a transmission coefficient, and external typical
disturbance signals. Thus, with the help of simulation, it
is possible to obtain an accurate response of the digital
filter to typical inputs.

According to the described hardware-implemented
control channel, a model was developed in Matlab Simu-
link (fig. 2). In the model, a PID — regulator is used as a
regulator, and the FPGA block designates a signal source
that represents a signal received from the model of the IIT
control channel.

The block diagram of the hardware measuring
the response of a digital filter to typical inputs is shown
in fig. 3.

The source of disturbance is a serial connection be-
tween a constant voltage source and a signal generator. In
this case, the controller includes an integral component,
therefore, the presence of a DC component in the error
signal will lead to saturation of the digital controller,
which will not allow obtaining a response to any action.
Thus, for correct operation it is necessary to select
a source voltage and a generator signal amplitude in such
a way that relation [9] is fulfilled.

jOT(Ref — Udsup — Udgen)d =0, 3)
here Ref is the reference signal, Udsup, Udgen are the
digitized values of the voltage source and the generator
signal, respectively, at the sensor input, T is the generator
signal period.

In accordance with fig. 3, the total voltage of the
source and generator is converted by the sensor and fed to
the ADC input. The signal from the ADC output is used
to receive the control error signal and is fed to the digital
filter input. An interface connection is established be-
tween the digital control device, where the digital filter is
implemented, and the personal computer [10]. Matlab is
also used to obtain measurement results. Details about the
program for the control center and its interaction with a
personal computer will be described in detail in the next
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section. As a result of the experiment on a personal com-
puter in the Matlab environment, graphs are displayed
that represent the input signal of the hardware-
implemented controller and its response to this signal.

As a result, in one simulation environment responses
to typical inputs of the designed control channel model
and responses to similar typical actions obtained during
testing of the hardware-implemented control channel will
be obtained. By comparing the received signals, it is pos-
sible to make an unambiguous conclusion about whether
the IIT control channel is correctly implemented. If the

sample

p mn
sinusoidal
signal

¥

control channel is working correctly, the signals must
match.

Software. Digital control systems can be based on
digital signal processors (DSP), universal microcontrol-
lers or field-programmable gate array (FPGA).

Modern universal microcontrollers have ample oppor-
tunities for the formation of a control action and support
digital signal processing (DSP) operations, which makes
it possible to use them in control systems of power con-
verters [11]. The most common general purpose micro-
controllers are embedded 32-bit microcontrollers.

D ]

J-Lﬂ In1 Out1
pulses Voltage
sensor ADC Reference r
Jdsup
Voltage
regulator
PID
controller
Fig. 2. Control channel model in Matlab Simulink
Puc. 2. Monenb kaHana ynpasienus B Matlab Simulink
Control
reference channel Voltage
A4 s
Digital
Sensor — » ADC —» > > SMPS
= controller DPWM -

Personal

generator computer

I Matlab
Simulink
Voltage
regulator

Fig. 3. Scheme of experimental determination of control channel characteristics

Puc. 3. Cxema OKCHEPUMEHTAJILHOTO OIPEACIICHUS XapaKTCPUCTUK KaHala YIIPpaBJIICHUSA
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These processors include the STMicroelectronics
32-bit STM32 microcontroller. In space technology, the
Milandr 32-bit 1986BE8 microcontroller is widely used to
provide resistance to external influences.

Digital signal processors, in comparison with general-
purpose microcontrollers of general use, ensure to maxi-
mally speed up the execution of typical tasks of digital
signal processing, such as digital filtering, Fourier trans-
form, signal search, etc. [12]. Therefore, signal processors
are optimized for speed to perform just such operations.
DSP processors TMS320 or specialized microcontrollers
UCD3138 from Texas Instruments are widely used
in power converters.

FPGAs are well suited for devices such as radar sys-
tems, electronic intelligence systems, image processing
systems, signal processing devices, etc. they are primarily
intended for those devices in which signal processing and
vector or matrix calculations are performed. Due to the
ability to perform cumbersome parallel computations,
FPGAs have become widely used in complex applications
[13]. Operating at relatively low clock rates of the order
of hundreds of MHz, they can perform tens of thousands
of calculations per clock cycle and still consume much
less power than microprocessors with the same perform-
ance.

FPGA cyclone IV (EP4CE22F17C6N) [14] from
Altera, which is an indirect analogue of the domestic
Rad-Hard FPGA 5578TS064 manufactured by VZPP-S,
and a 12-bit ADC128S022 ADC with a digital SPI inter-
face from Texas Instruments were used in the IIT layout.
The FPGA implements an ADC control unit via the SPI
interface and a regulator in structure and coefficients
similar to the model.

The block diagram of the program is shown in fig. 4.

Since for calculating the controllers in the used FPGA
it is necessary to perform floating point calculations, the
FPGA used computing units according to the IEEE 754
standard [15].

With the frequency of 100 kHz, the values are cap-
tured from the ADC and the regulators are calculated. The
ADC data and regulator responses are transferred to the
FPGA's internal RAM.

After experiment completion the data is transferred to
the computer via the UART interface to the Matlab simu-
lation system and output to the virtual oscilloscope for
comparison with similar signals measured in the simula-
tion model.

In the course of the work, three types of controllers
were implemented and their performance and resources
used were evaluated when implemented on a specific
FPGA (EP4CE22F17C6N). The parameters are presented
in the tab. 1.

Experiment. A digital regulator has been developed
for the SMPS. In this case, it is a proportional-integral-
derivative (PID) controller made by the method of inte-
gration according to the Euler method. This regulator was
converted into an IIR — filter, the structure corresponds to
formula 1, and has the coefficients presented in tab. 2.
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The response to rectangular pulses signal type makes
it possible to assess the correspondence of the regulator
coefficients in terms of the output signal overshoot,
as a result of the response to a change in the level of the
disturbing pulse, and in the rate of change in the regula-
tor output signal as a result of integrating the control
error. In this experiment a signal of the type of
a sequence of pulses with a peak-to-peak value of 3 V
(from 0 to 3 V), a frequency of 100 Hz and a duty cycle
of 0.5 was selected as a disturbance signal. Thus, at the
input of the PID-controller there will be a numerical
equivalent of pulses with voltage from —1.5 to +1.5 V
with a zero constant component, which is necessary
to fulfill condition (3).

Fig. 5 shows the results of an experiment on a pulse
sequence. The dashed line indicates the disturbance signal
at the filter input, and the solid line indicates the response
at the filter output. The top graph shows the signals ob-
tained on the simulation model, and the bottom graph
shows the signals obtained as a result of testing the hard-
ware-implemented control channel.

As you can see from the graphs, the responses are
identical with minor differences. The differences are ex-
plained by the presence of distortion and noise in the sig-
nal of the generator, as well as by the errors of the real
ADC.

The controller in the feedback loop is designed based
on the requirements for characteristics in frequency and
time domains of the control object. It must adjust the
frequency response of the open loop of the control ob-
ject so that it meets a number of requirements, such as
crossover frequency and phase margin. This means that
the key characteristic of the designed controller is its
Logarithmic Amplitude-Phase Frequency Response
(LAFC). LAFC is determined from the response to har-
monic influences at different frequencies. To construct
the LAFC, harmonic signals with an amplitude of 1.5 V
and frequencies of 100, 250, 500, 1000, 2500, 5000 and
10000 Hz were selected as disturbing influences. From
the responses of the regulator, obtained as a result of
tests for harmonic influences at the declared frequencies,
a piecewise-linear IIR-filter LAFC was built and com-
pared with the continuous theoretical characteristic
of the developed regulator.

In fig. 6, the solid line with highlighted points denotes
the frequency response obtained as a result of the experi-
ment, and the dashed line — calculated from the TF of the
controller.

According to fig. 6 it can be concluded that the dy-
namic properties in the investigated frequency range of
the implemented controller correspond to the calculated
ones with the required accuracy.

Thus, from the totality of the experiment results car-
ried out comparing the responses to the typical inputs of
the control channel model and the real tested control
channel, we can make an unambiguous conclusion that
the control channel is implemented correctly and its char-
acteristics correspond to the calculated ones.
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PID controller
(integer)
Sample Recewing - PID I RAM val q
signal generator [~  datafrom ADC [ (con\f;:ttiroun:lr} » mer:ﬂal';e " DathtESSfef
lIR-filter —‘
Fig. 4. Block diagrams of the program on the FPGA Cyclone IV
Puc. 4. CtpykrypHslie cxeMsl paboTsl mporpammsl Ha [IJIUC Cyclone IV
Table 1
Comparison table of implemented regulators
Controller Standard
Parameters Integral controller PID-controller IIR filter
Base frequency, MHz 40 40 40
Conversion time, ns 350 1500 2000
Number of occupied logical elements, pcs. 1393 2314 1452
The number of used DSP blocks, pcs. 10 7 7
Table 2
IIR filter coefficient values
Coefficient Value
ay -1
a) 0
by 2.647745
b, -5
by 2.354

| -8506

| -8486

Fig. 5. Responses of the model and CCU to the impact of sequence of impulses type

Puc. 5. Otxnuku Mozenu u LYY Ha Bo3zielCTBHE THIA «IIOCIEN0BATEILHOCTH UMITYJIBCOBY
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Fig. 6. Calculated from the TF filter, and obtained as a result of a full-scale experiment,
Log-magnitude and Phase diagrams

Puc. 6. Pacuernsie u3 I1® ¢unbTpa 1 nosrydeHHbIE B pe3yabTaTe HaTypHOro skcrepumenta JJAUX n ®UX

Conclusion. As a result of the work done, a method
for determining the channel characteristics of a digital
control system of a SMPS was proposed and tested, based
on the comparison of control channel responses and its
model to typical disturbance signals and LAFC removal.
An example of the application of such a technique for
verifying the parameters of the developed PID controller
is given. In the course of the study of the CCU of the IIT
layout, it was confirmed that the responses to the se-
quence of rectangular pulses coincide, and the LAFC of
the model and the physical control channel also coin-
cided.

The proposed technique can be used to test a digital
control channel of not only switched-mode power supply,
but also other control objects; for testing itself any neces-
sary disturbance signals, including non-periodic signals of
a complex shape, can be used.

Introduction of this testing technique in production
conditions will allow a complete check of individual con-
trol centers of power converters with closed feedbacks
before the final assembly of the device and power on,
which will eliminate errors in the implementation of con-
trol loop regulators, leading to undesirable non-stationary
modes of operation of power converters.
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