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The article is dedicated to optimizing the digital current control loop of a thyristor converter-driven
electric drive, essential for ensuring stable, precise, and reliable operation of electric drives in automated
and industrial systems. The primary goal of this research is to develop and enhance the digital current
regulator (DCR), which enables the drive system to achieve desired performance, including rapid and stable
response to current changes without excessive overshoot or oscillations. Optimization of the current loop
improves energy efficiency, enhances dynamic properties, and increases resistance to external disturbances,
all of which are critical for modern electric drive systems.

The introduction discusses key aspects of digital current loop optimization, specifically dynamic
characteristics such as time delays, sampling rate, and bandwidth, which significantly impact the efficiency
of digital controllers. Special attention is given to the tuning of proportional-integral (P1) controller
parameters, allowing quick and stable response to current changes. The developed model allows preliminary
simulation of the current loop’s performance, providing an opportunity to test different configurations before
actual implementation.

To improve the accuracy and stability of the system, filtering methods are proposed to reduce the
impact of high-frequency noise, ensuring the system’s precision and robustness against external
interference. Optimization criteria are introduced, including minimizing the integral square error (ISE) and
reducing energy consumption, which significantly decreases system losses and increases the energy
efficiency of electric drives.

In developing the optimized control loop, the following assumptions are considered: 1) the thyristor
converter (TC) operates in continuous current mode, 2) the current loop dynamics are studied within a
narrow range of TC phase angle changes, and 3) a discrete dynamic TC model is used with averaging of
electromotive force (EMF) over the conduction interval. Optimizing the digital current loop addresses
several critical tasks, including enhancing control accuracy, reducing overshoot and oscillations, and
improving the system’s dynamic response, allowing for reduced delays and a faster reaction to load changes.

The optimization results of the digital current regulator (DCR) show reduced energy consumption
and significant improvements in control accuracy. The high-speed performance of the digital current loop
enables fast transient processes within a single sampling interval of the thyristor converter, which is crucial
for systems requiring rapid regulation. Additionally, the digital control loop provides flexibility in control, as
it allows for system adjustments to different operating conditions through a software-based approach.

The study’s final results demonstrate the potential of digital current loops in modern electric drives.
With advances in microprocessor technology, digital regulators enable more complex control algorithms,
including adaptive and predictive strategies, which further enhance system efficiency. These approaches are
especially relevant for industrial electric drives that require high precision and response speed, making
digital current loops a promising solution for contemporary automated control systems.
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Eq. 20. Fig. 4. Ref. 8.

1. Problem formulation

Optimizing the digital current loop of an electric drive is essential to ensure stable operation and high
system accuracy. It involves improving the control structure, algorithms, and parameters of the current loop to
achieve the desired drive performance. First, dynamic characteristics such as time delays, sampling rate, and
bandwidth are analyzed, which affect the performance of the digital loops. Then, the Pl controller parameters
are tuned to respond quickly and stably to current changes without oscillation or overshoot [1].

Modeling and simulation help to pre-evaluate the current loop performance and test different
configurations before implementing them in a real system. To improve accuracy and stability, filtering
techniques are often used to reduce the impact of high-frequency noise on current measurements. In addition,
optimization criteria such as minimizing the integrated squared error criterion or reducing power consumption
are applied, which reduces system losses. The optimization of the digital current loop improves energy
efficiency, noise immunity, and drive stability, which is especially important for modern automation systems
and industrial equipment [2].

2. Analysis of recent research and publications

Thyristor converter in dynamic modes. In dynamic modes, a thyristor converter is a complex
nonlinear pulse system that operates with a variable sampling interval [3-4].
_ (Tn+(az—ay))
T= onf, @
where T, — the conductivity interval in the steady-state mode, s; a4, @, — are the opening angles of
the thyristors, respectively, at the given and the nextconductivity intervals, rad; f. — frequency of the power
supply network, Hz.

At the same time;

Tn =5 e
where m — the number of TP pulsations equal to the number of phases in zero-phase circuits and
double the number of phases in bridge circuits.

When « increases, the value of T increases, and when « decreases, it decreases. However, when
replacing the real rectified EMF of the converter eq (t) with the values eq ., averaged over the intervals Ty, it
is possible to supply the TP with a linear pulse link with a variable e; with a constant sampling period T = T.
The pulse e; [Tz ] formulated in this way introduces some inaccuracy Adeyc.p, into the dynamics, which is
smaller, the smaller the range of change in the opening angle a . In the steady-state mode 4e,,, = 0. Taking
rectangular pulses de,,, = en[nTy] with a constant sampling interval T;; as the output EMF, it is possible to
represent the TP by a pulse linear link with a zero- order extrapolator (Fig. 1) [5-8].

Al = Ae, [T, /R
A al"tn g
29 4 (1—e‘pT”)/p sk, T >

Fig. 1. Block diagram of a thyristor converter as a discrete system in continuous current mode

y

Transfer function of such a link for small deviations and with an output variable
dep[nTy]

Al = —/——— (3)
Ry
where Ry — the total resistance of the anchor circle, ohms, has the form
Al 1-e~PTn z—1
W) =1, =kar—— =kar (4)
where k,r = — Ydo ¢in a is the current transfer coefficient of the TP, Alrad; Ug — the average value

Rg
of the rectified voltage at a = 0, V.
In addition to the discreteness of the thyristor converter (TC), the current loop also contains the
discreteness of the digital control system (DCS) with periods Tp and Tp. The operation of the DCC is
synchronized with the power supply network of the TS, which ensures the coordination of the two
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guantization periods Tp and Tp relative to a certain fixed point of the supply voltage, usually the point of
natural opening of the thyristors in the TS. If the current measurement and the control algorithm require Tp to
be less than Tp, then Tp is taken as the resulting sampling period of the current loop. The measured current
value is usually its average value id over the interval Tp, which is transmitted to the microcomputer at the

moment of natural opening of the thyristors in the TS. If the time ist, =T, < t, = % then the changes

in the setpoint angle are worked out without an additional delay of T, . If ¢, > % then there is a delay in

the opening of the TP with anew value of a by the value of T, . To eliminate this delay, a compensating
correction is used [9].

3. The purpose of the article

The purpose of optimizing this control loop is to design a digital current controller (DCC) in
accordance with the selected optimization criterion. This includes determining the type and parameters of the
DCC that will provide optimal dynamic characteristics of the current loop, such as minimizing overshoot and
reducing transient time. The following assumptions are used during the synthesis:

. operation of a thyristor converter (TC) in continuous current mode;

. consideration of the dynamics of the current loop in a small range, i.e., with a slight change in
the opening angle of the TP;

. use of a discrete dynamic model of the TS with EMF averaging over the TS conductivity
interval.

Optimizing the digital current loop of an electric drive solves a number of important tasks aimed at
improving system performance. The main ones are:

. Improved current control accuracy: Loop optimization reduces errors in tracking the required
current, which is especially important for precise speed and torque control.

. Reducing overshoot and oscillations: The controller tuning helps to avoid oscillations and
overshoots during the control process, which increases system stability and reduces the likelihood of overloads.

. Reducing the impact of interference and noise: the introduction of filtering methods reduces
the impact of electromagnetic interference and high-frequency noise, which is especially important for working
in industrial interference.

. Improved dynamic system response: optimization helps to reduce delays in responding to
changes in the input signal, which allows for faster response to changes in load.

. Improved energy efficiency: By minimizing losses in current circuits, power consumption can
be reduced, which is important for reducing operating costs and reducing the heat load on equipment.

. Resilience to changing operating conditions: optimization allows for stable system operation
even when the load, temperature, and other external factors change, which is especially important for systems
operating in different environmental conditions.

These tasks are aimed at ensuring the stability, reliability and energy efficiency of electric drives in
modern automated and industrial systems.

4. Results of the researches

The block diagram of the digital current loop without taking into account the motor's emf is
shown in Fig. 2. The input variable of the current loop is the increase in the

opening angle of the TP Aas 1, which sets the required change in current, and the output variable is
the increase in the average current Ai over the period T,; or the corresponding value of the current feedback
signal expressed through the opening angle of the TP,

AaO.T = kALlH . kO.T A1 = k(,)T . Al, (5)

where k.. — the transfer coefficient of the current sensor, V/A; k ., — ADC transfer coefficient, V-
kAL[H = Au_lo

. Aa,,[n] Al

— § W, (2) = 4~ @-D/@) =~ K. == 1AT,p+1)
Aocm[n]
i AGU_T k Au«n kOm

AL

Ao Al

Fig. 2. Block diagram of the digital current loop
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Optimizing the digital circuit. The purpose of the loop optimization is to determine the type and
parameters of the digital current controller, i.e. to determine its DFC. Wpm(z)
In accordance with the structural diagram, the transfer function of the above continuous link

(CL):
; z—-1 1
Wn (p) = kaT ' kO.TT : p(T,p+1) ) (6)
where T, — the electromagnetic time constant of the TP-D anchor circuit, s.
, z—1 1 , z—1
Wo(2) = ker - ko S22 fosl = e - i S 2RI ™
Here h[n] is the lattice transition function of a continuous link:
T
hln]=1—e "1y, (8)
where T — the time discretization interval, s, equal to T, . From the table for lattice function images
_ (-dyz
Z{h[n]}y = o5, ©)
where d, = e™T/Ts,
Then:
14 1_dﬂ
M/n(z) = ka'r ' kO.T ' 7—d, (10)

The desired transient of the current loop is an exponential law characterized by the parameter Tm,
which corresponds to the modular optimum:

-t
Ay, = Al (1 — eT_T>, (11)
where T, = 2T,, T, = T,.

—nT
Expression (8) corresponds to the lattice function from Aa,.[n] = 4a,, (1—eT_T>, where

-nT

hy [n]y 2%ty g _ o

1-d,

Wy(2) = Z{hy[n]} = =, (12)
-T
Where d, = eTr, is the open-loop DFT:
Wop(z) = =, (13)

Taking into account the assumptions made for optimizing the digital current loop, a digital current
controller (DCC) with a discrete transfer function (DFT) corresponding to a digital proportional-integral
controller (P1 controller)was obtained. The proportional part of the MDG is determined by the coefficient

_ 1-d, z=dy z—dy
ketc B kaT'k(’).T(l_dn) z-1  WPT z—q” (14)
The integral part of the MDGs, equal to
ketc(1-dy) (15)

z—-1
has a denominator that turns to zero at z=1 (p = 0).

Comparison of analog and digital current regulators. Let's compare the parameters of analog and
digital current regulators, adjusting them to the modular optimum. For an analog PI1-PT:

Wye(p) = 22y L v gy Tor (16)

Te kpkor — Txp kpKot PT " T.p

where T, = 2T,,.
For digital PI-RT at T — 0, the proportional part according to (11):

1_(1_%) Ry Ty Ry
ketc - T = = Kot (17)
1—(1—T—) kpko.t T kpk-o.t
y

integral part:
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ketc(1-d 1_<1_Tl) kpt

2(—1 - — Ketc 1+pT—3£ :T_fp' (18)

Consequently, only under the condition that T<T, and T<T, , the parameters of the digital current

controller (DCC) are practically the same as the corresponding parameters of the analog current controller

(AC). However, when the digital current loop is tuned to the modular optimum (7,, =2Tn=2T), the condition

of the smallness of the parameter Tp relative to Tm ceases to be fulfilled, which leads to the fact that the

values of the MDG parameters begin to differ from the parameters of the analog RT. According to the
obtained MDG DFT

z—d; (1-d)z™! _ v(2)
Wor(2) = kete 5 = Kete 1,7 = 35y (19)

a block diagram of this controller can be drawn up (Fig. 3). When a jump input signal
X[n] = Xo —1[n] is applied to the MDG input, the output signal will be determined by the difference equation:
y[nl = keeex[n] — keredax[n — 1] + y[n — 1] (20)

The output signal y[n]increases linearly from the initial value y, = k,,;%, With an increase on each
subsequent clock cycle Ay = k(1 — dy)x, (5). The digital signal of the current regulator y[n]is fed to the

input of the SC, which generates digital signals of the opening angle N, and the number of the next thyristor
N.. , to which the control pulse should be applied.

x[n]

r y[”] Digital [
efc SK
=1
i

Fig. 3. Block diagram of the P1 controller

The advantages of the digital current loop include the ability to achieve high performance with a
transient time that fits within one TP sampling interval, provided that the digital computer is fast enough. In
addition, the digital loop provides the possibility of direct digital control, which makes it possible to
implement all control functions of regulators and the control system (CS) by software on a single unified
element base - a microprocessor system.

<14 ?_?r
vn] _1-’[:1]

? Ay =k, (1= d3 )%
Yo <>—f_\i_f o el

1 2 3 4 5 6 7 1

Fig. 4. Testing of the input signal spike by a digital Pl controller

5. Conclusions

The digital current loop provides high performance, capable of performing transients within a single
TP sampling interval, which is critical for systems requiring rapid regulation. It offers control flexibility with
the ability to implement all control functions programmatically, making it easy to customize and adapt the
system to different operating conditions.

The use of microprocessor-based systems to implement digital controllers simplifies system
architecture by reducing the number of individual components and facilitating their integration. Digital
controllers can be fine-tuned to improve system stability, which is an important factor in ensuring reliable
operation.
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In addition, the digital approach allows for the implementation of complex control algorithms,
including adaptive and predictive strategies that can significantly improve system efficiency. Due to the
continuous development of microprocessor technology, digital current loops have great potential for further
improvement, implementation of new algorithms and energy efficiency. As a result, digital current loops are a
promising solution for modern electric drives and automated systems that require high accuracy, flexibility,
and speed.
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ONTUMIBALIA IUPPOBOI CACTEMU KEPYBAHHSI CTPYMOM EJEKTPOIIPUBO/IA 3
TUPUCTOPHUM ITEPETBOPIOBAYEM

Cmamms npucesuena onmumizayii yughpoeozo KOHMYpy KepyBaHHs CMPYMOM eLeKmponpusood 3
MUPUCMOPHUM NEPEMBOPIOBAYeM, WO MAE BAJICIUBe 3HAYEHHs 0 3a0e3neuents cmabilbHoi, mouHoi i
HaOIliHOI pobomu eneKmponpueooie 6 agmomMamu3o8anux i npomuciosux cucmemax. OCHOBHOW Memor0
00CHi0JCeHHsT € pPO3PoOKA ma 600CKOHANeHH yuppoeozo peeynamopa cmpymy (LIPC), wo 0o03601s5€
docsiemu HeOOXIOHUX XapaKmepucmux pooomu npugody, GKIIOUAIOYU WEUOKe | cmabilvhe peasysants Ha
3MIHY cmpymy 0e3 HAOMIpHUX nepepecyniogans ma Koausamvb. Onmumizayis KOumypy CmMpymy CHpuse
3MEHWEHHIO 8UmMpam eHepeii, NOKPAWEeHHIO OUHAMIYHUX elacmueocmeli i NIOGUUWEHHIO CMIUKOCMI 00
B06HIUMHIX NEPEUUKOO, WO € KTIOUOBUMU PaKmMOopamu Onsl CYUACHUX eIeKMPONPUBOOHUX CUCTHIEM.

Y ecmynniii wacmuni cmammi po3ensHymo OCHOGHI ACHeKmuU onmumizayii yugposux KOHmMypie
cmpymy. 3okpema, 002060penHo OUHAMIYHI XAPAKMEPUCTMUKU THAKUX KOHMYPIG, 6KIIOHAOYU HACO8L
3aMpUMKU, 4acmomy Ouckpemuzayii ma NpONYCcKHYy 30aMHICMb, AKI CYMIMEBO BNIUBAIOMb Hd
epexmugnicmv  yugposux pezynamopis. Taxooic y cmammi aKyeHmMo8aHo y6acy HA HALAUIINYEAHHT
napamempig I1l-pecynamopa, wo 0036015€ WEUOKO U cmadibHO pea2ysamu Ha 3MiHu cmpymy. Pospobaena
MoO0enb  003607A€ 30IUCHUMU NONEPeOHE MOOent08AHH pobOMmuU KOHMYpy Cmpymy, Wo 04a€ 3Mo2y
sunpobysamu pisHi Kongicypayii nepeo ix paxmuunum 3acmocysanHsMm.

s nidsuwenns mounocmi i cmadbilbHOCMI cucmemMu 3anpOnOHOBAHO Memoou irbmpayii 01
SHUIICEHHS BNIUBY BUCOKOUACTHOMHUX WYMI8, W0 3a0e3neuye mouHiCmb i CMItKicms cucmemu 00 306HIUHIX
nepewkoo. Bnposaodaicerno kpumepii onmumizayii, ceped AKUX MIHIMI3ayis iHMe2paibHo20 K8AOPAMUYHO2O0
kpumepiro nomunxu (IKKII) i 3uusicenus eHepeocnoicu8ants, wo 0036018€ 3HAYHO 3MEHWUMY 6MPaAmu )
cucmemi ma niOBUWUMU eHepeoeheKMUBHICIb eNeKMPONPUBODIS.

11io uac po3pobku onmumizo8ano20 KOHMYpy pe2yt08antsa po32nadalomscs maxki npunyujentsa: 1)
poboma mupucmoproco nepemeopiosada (111) y peocumi Henepepsnoco cmpymy, 2) OOCHIOJICEHHS
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OUHAMIKU KOHMYPY CIMpYMY 8 Malomy diana3oHi smin kyma eioxpumms TII, 3) euxopucmanus ouckpemuoi
ounamiunoi moodeni TII 3 ycepeonenusim EPC na immepesani nposionocmi. Onmumizayis yugposoco
KOHMYpYy CMpYyMy 6UPIULYE HU3KY BaAXNCIUBUX 3a0ay, ceped AKUX NIOBUWEHHS MOYHOCMI Kepy8aHHs,
3MEHUeHHsl nepepezyio8anb I KOMUBAHb, A MAKONIC NIOBUWEHHS OUHAMIYHOIL peakyii cucmemu, wo 003805€
SMEHWUMUY 3aMPUMKU A WEUOKO peazyeamu Ha 3MiHY HABAHMAICEHHS.

Pezynomamu onmumizayii yughposoeo pezynamopa cmpymy (LPC) ceiouams npo 3HUMCEHHSA
EHEepP2OCNOICUBAHHA | 3HAYHE NOKPAUjeHHs MOYHOCmi Kepysanua. Bucoka weudkodia yughposoeo xoumypy
cmpymy 3a6e3neyye weuoKe GUKOHAHHS NEPEXiOHUX NPOYeci@ Y Medcax 00HO20 THMEP8ary OUCKPEemHOCH
MUPUCMOPHO20 NEPEMBOPINEAUA, WO € KPUMUYHO 8ANCIUBUM OJIsL CUCTHEM, Ki ROMPeOyIomb ONepamueHo20
peaymosanus. Kpim mozo, yugposuili KoHmMyp HAOAE 2HYUKICMb Y Kepy8aHHi, OCKIIbKU 0036075€
HAIQumosysamu cucmemy nio pizHi eKCnyamayiiti yMosu 3a805Ku NPOSPAMHOMY RIOX00Y.

ITiocymxog6i pesynomamu 00CHIONHCEHHS NOKA3VIOMb NEPCHEKMUBGHICG BUKOPUCMAHHS YUPPOsUX
KOHMYpI8 CMpyMy Yy CYYACHUX eleKmponpusooax. 3a0saKu pO3GUMKY MIKPONPOUECOPHUX MeXHON02iu
yugposi pezyramopu 003601410Mb  pednizyeamu Oinbwl CKIAOHI AN2OPUMMU KePY8AHHS, BKAIOYAIOUU
aoanmueHi i npeduxmusHi cmpameeii, wo we Oinbuie nidsuwye egexmusHicms pobomu cucmemu. Taxi
nioxoo0u € 0coOMUBO AKMYANbHUMU O NPOMUCIOBUX eleKMPONpU8oois, AKi NompeOyIoms GUCOKOL
MOYHOCMI Ma WeUOKoOii, wo pobume yupposi KOHMypu CMpymy nepCneKmMuUSHUM PilueHHAM OJis CYYACHUX
ABMOMAMU308aHUX CUCEM KEPYBAHHAL.

Knwuosi cnosa: yupposuil pecyismop cmpymy, e1eKmponpugoo, mupucmopHuil nepemeoprosa,
ONMUMI3AYis, OUHAMIYHI XAPAKMEPUCMUKY, eHep20eheKMUBHICHb, UYMO3AXUUEHICMb.

@. 20. Puc.4. JIim. 8.
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