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SYNTHESIS OF THE ELECTRICAL DRIVE CONTROL SYSTEM
BY THE N-i SWITCHING METHOD WITH REFINED JERK PREDICTION

CHUHTE3 CUCTEMU KEPYBAHHA EJIEKTPOITPUBOIOM
METOJOM N-i HEPEMUKAHbB TP YTOYHEHOMY INIPOI'HO3YBAHHI PUBKA

The relevance of the work is due to the need to adapt the methods of the optimal control theory
to the possibilities of their modern technical implementation. The purpose of the study is to improve
the quality of transients of relay velocity control systems of an electric drives, synthesized by the N—i
switching method. The detailing of the diagrams of the speed-optimized transient of the electric drive
ensured an increase in the accuracy of jerk prediction. The use of the proposed method of determining
coordinate constraints allows synthesizing a control system that adjusts the velocity according to the
optimal trajectory. The prospect of practical application of the results of the work lies in their integra-
tion into adaptive algorithms for parametric synthesis of digital controllers.

Keywords: sliding mode control system, N—i switching method, transient, optimality in speed.

AxmyanvHicmb pobomu 3yM081eHa HeoOXIOHICMI0 adanmayii Memooie meopii ONMUMAILHOZO
KepysanHs 00 CYYacHUx mexHiunux mooicnugocmeti. Cxuaouicmo apiayilinux memoodie npuzeena 00
CMBOPEHHS ANbMEePHAMUBHUX 3aCc00i6 onmumizayii, 00 AKux Harexcums memood N-i nepemuxans. Bin
BIOPI3HAEMbCSL 2PAHUYHOIO NPOCMOMOIO0, NPOMe Y3a2aNbHEeHHs MAMEeMamuyHo20 anapamy Ha 008ilb-
HUL NOPSOOK 30TUCHIOEMbCS HA OCHOBI CRPOWYBANbHUX OONYIEHb, WO 3HUICYE eheKmUBHICIb Memo-
0y CMOCOBHO cUCHeM HU3LKO20 NOPAOKY.

Memoio yboeo docniodcenns € yoockonanrents mamemamuuno2o anapamy memooy N—i nepe-
MUKAHb 3G PAXYHOK HAOIUICEHHS HANAUMYBAHb Pe2YIsAMOpie 00 ONMUMANbHUX HA OCHOBI YIMOYHEHO20
PO3PAXYHKY NPOSHO308AHOL MPAEKMOPIi nepexiono2o npoyecy.

Jlns 0ocsenenus nocmaeieHoi memu y pobomi po3g'a3ano maxi 3a0aui: 30ilicHeHO noby0o8y
@paecmenma nepexionoi mpaekmopii 3 ypaxy8anHsim Oii 6HYMPIUHIX 360POMHUX 36'513Ki6 eleKmpoMme-
Xauiunoi cucmemu; 01 demanizayii diaepamu nepexiono2o npoyecy, sKa Mac Qopmy KpusoIiHitiHOL
mpaneyii, UKOPUCIAHO NPIMOKYMHY Oiazpamy, eK8i6aleHmHy 3a 8eIUYUHOI0 Nepulo20 iHmezpana 3a
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4ACOM; GU3HAUEHO CEePeOHE 3HAUEHHS PUBKA HA THMep8ani CMAanoCcmi Hanpyau CUio8o20 nepemeopio-
6aua i Ha Yitl OCHOBI BUSHAYEHO MOOUGIKOBAHE 3HAUEHHS KOepIYiEHMA 360POMHO20 38'3K) pelelino20
pezynamopa weuoKocmi, npogedeHo NOPIGHAIbHE O0CTIONCEHHS CUCTHEM KePYBAHHs eNeKmponpueo-
0om 3 6azo6UMU MaA MOOUDIKOBAHUMU HATAUMYBAHHAMU, U0 NIOMEEPOUTIO eheKMUBHICb 3aNPONO-
HOBAHO20 PiULEeHHs.

Pesynomamom pobomu € donosnennss 00 mamemamuuno2o anapamy memooy N—i nepemu-
Kamb, opienmosane Ha onmumizayiio cucmem opy2020 nopsoky. Hozo peanizayis ne eumazace 3anyuen-
H5l 6eUKUX 000AMKOBUX pecypcie ma 3abe3neyye nokpaujents aKkocmi nepexionux npoyecie. Ilepcne-
KIMUBHUM HANPAMOM NPOOOBIHCEHHS Yb020 OOCHIONCEHHS € THMe2payis 3anponoHo8aHoi Memoouxu 00
A0anmMuEHUX AN2OPUMMI6 HANAWIMYBAHHS PELeHUX CUCIEM ONMUMATLHO20 KePYBAHHSL.

Kniouosi cnosa: peneiina cucmema xepyeantsi, memoo N—1 nepemurans, nepexionutl npoyec,
ONMUMATLHICTNG 3A UBUOKOOIETO.

Problem’s Formulation

One of the main requirements for modern electromechanical systems [1, 2] is optimality in
terms of speed. It is achieved on the basis of the prediction of motion trajectories using any known me-
thods [3, 4, 5], so it is extremely important to ensure the reliability of such prediction. From these con-
siderations, subordinate control systems are a convenient object for optimization, since the stabilization
of intermediate coordinates at known levels is a significant prerequisite for the reproducibility of the
designed movement, which in turn makes it predictable with high accuracy [6]. But the jerk belongs to
the values, the stabilization of which for most mechanisms is not applied due to the insignificant influ-
ence of the nature of its change on the transient processes as a whole. Such an approach to the structural
implementation of precision systems requires special measures to refine the calculated values of the jerk
in order to obtain the desired quality of real transients as a result of speed optimization.

Analysis of recent research and publications

The use of transistor inverters in modern electric drives [1, 2] as power converters is a premise
for the widespread use of relay controllers [7, 8], which are a typical structural solution for implement-
ing algorithms for optimal control in terms of accuracy and speed [3, 4, 5]. Coordination of single
switching in cascaded controllers [6] by binding to the characteristic points of the predicted optimal in
speed transient trajectory is the main idea of the N—i switching method [9]. According to this method, at
the stage of synthesis, an assumption is made about the constancy of the jerk at the intervals of constan-
cy of the voltage of the converter [10—13]. It allows us to unify the fragments of the designed trajecto-
ry that correspond to such intervals, and is very productive in a theoretical sense [9]. In reality, this as-
sumption is not fulfilled at any of the mentioned intervals [12, 13] due to the action of internal feed-
backs of the electromechanical system, as a result of which the designed value of the jerk is only ap-
proximately equal to its real value. This causes a deviation of the movement of control systems of elec-
tric drives from the calculated trajectories [12—14]. In most cases, the short relative duration of voltage
constancy intervals makes it possible to neglect such deviations without a significant effect on the per-
formance of systems [9, 12, 13]. However, such systems cannot be considered strictly optimal in terms
of speed.

Formulation of the study purpose

The assumption about the constancy of the jerk reduces the efficiency of the N—i switching
method [12, 13] in the synthesis of control systems for electric drives. In a number of works, measures
have been proposed to compensate for deviations of the real trajectories of the synthesized systems
from the designed ones, but their effect is partial [9, 12, 13]. Therefore, it is relevant to create a tech-
nique for refining the predicted value of the jerk, taking into account the shape of the transitional tra-
jectory of the system [11], which significantly depends on the magnitude of the driving action.

Presenting main material

The system of differential equations for the dynamics of a DC electric drive with a high-speed

transistor converter [1, 6, 9] has the form
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i = u-R-i-c-of’
L

where i — armature current, i;— static current, u — voltage of the armature circuit, ® — angular veloci-

ty of the motor shaft, L, R — inductance and active resistance of the armature circuit, ¢ = k@ — coeffi-

cient that is a constant at a constant magnetic flux, J — moment of inertia of the electromechanical
system, which is determined by the sum of the moments of inertia of the armature and the moments of

(1)

inertia of the gearbox and the working body reduced to the motor shaft, p =% — symbol of differen-

tiation in time.
According to the N-i switching method, in order to build an optimal control system for a dy-

namic object (1), it is necessary to apply [9, 13] a cascade of relay controllers
URe —¢ =€max-SIgn ® —o- Kos ‘8)

: ()

URe =u*=umax-sign £ —¢
where o, e— angular velocity and acceleration of the motor shaft, the symbol "*" denotes the specified

values of the corresponding variables, both input and generated by the regulators for the subordinate
elements of the system; indexes "max™ indicate the levels of constraint of state coordinates; K. —

feedback factor of the velocity controller on acceleration, ug, Ug. — signals of the velocity and acce-

leration controllers.

Closing with flexible feedback [6, 15] the internal control loop of the cascade (2) makes not
only static, but also dynamic properties of the control system independent of the action of the resis-
tance torque. The acceleration stabilization loop provides the same rate of transients at an arbitrary
value of the resistance torque, which does not go beyond the loading capacity of the electric drive [9].

Parametric synthesis of controllers (2) requires determining the levels of acceleration and jerk
restrictions €,y , @max DY substituting the maximum values of current and voltage ipyay, Upax INtO

the equations of unperturbed motion of the control object (1) at zero levels of its internal feedbacks

Cc .
p(l)zszj‘l
C (U-Rii—-co)[’ )
pg:a:_. _—
J L
which leads to the formulas
€max Zj‘imaw (4)
c 1
Amax ZF‘I‘Umax- (5)

The designed trajectories [9] for the most general case of the speed-optimal acceleration
process shown in Fig. 1 are easily predictable based on the limiting values of coordinates (3), (5). The
task of synthesizing the parameters of relay systems of the second order by the N—i switching method

[6, 9] is to provide a single switching of the controller R, at a characteristic point of the trajectory,

which has the designation 2 in Fig. 1, a, or the designation 1 in Fig. 2, a. The result of its analytical
solution [11, 13] is the expression for the feedback coefficient

€
Ko = S (6)
2 Amax
If during acceleration to velocity wq, With jerk constraint ap,y , the maximum acceleration

[9, 11] cannot be achieved, at which a triangular diagram s(t) is formed (Fig. 2, a)
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Fig. 1. Designed (a) and real (b) diagrams Fig. 2. Designed (a) and real (b) dia-
of transient with a trapezoidal acceleration grams of transient with a triangular accelera-
profile tion profile

€trg =+ ©max " @max (7
this value must be set as the appropriate restriction level [9]
€max= €trg- @)
Let's turn to the control object (1) with the following parameters and intermediate coordinates
restriction levels:
R=1Q,c=4V-s,L=0.1H,J =0.5kg -m?,0, =505 L,i, =20 A,u, =220V.  (9)
The given data is obtained on the basis of the characteristics of the electric drive with a 4 kW
DC motor by rounding the parameters and values. In addition, the inductance of the armature circuit is
increased by about an order of magnitude. Such a correction is made for the convenience of transient
analysis. Index "n™ in (9) and below denotes rated values.
Let's set the current and voltage constraints on the levels

Imax =2In Umax =1.3-Up . (10)
Substituting the maximum values of the coordinates of the electromechanical system, deter-
mined according to (10), into formulas (4), (5), we obtain the constraints of acceleration and jerk

Emax = 320572, apay = 2288052, (11)
which determine the coefficient (6) of the velocity controller feedback on acceleration
Kge =0.007 s (12)

when tuned for transient with a trapezoidal diagram s(t). Time diagrams of acceleration process of the

electric drive to a set velocity ® =0.25- o, =125s71= ®max are shown in Fig. 1, b. Note that the

controller signals ug,,,Ug. are shown in relative units with scales that correspond to their role in the

cascade hierarchy (2). Transient processes proceed with undershooting, which occurs due to the pre-
mature entry of the velocity controller into the sliding mode at time t =0.047s. The prematureness of

the sliding mode of controller R is evidenced by the acquisition of an exponential shape by the
curves i(t), o(t) at t>0.047s.

When setting up the system (1), (2) with the data (9), (10) to work out the specified velocity
® =0.05- op = 25¢71= ®max the following condition is not met

EmaxSEtrg (13)
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therefore, the calculation of the parameters is carried out according to formulas (7), (8), (6) and gives
the values

Emax = 23952 , K, =0.0052s. (14)

The transients of such a system, shown in Fig. 2, b also demonstrate the discrepancy between
the real diagrams and the time-optimal ones at t > 0.019s.

The time diagrams of transients obtained in the given examples have a form that is typical for
electric drive control systems synthesized by the N-i switching method [9, 11—13]. But the reason
lies not in the synthesis method as such, but in the applied method for determining the calculated jerk,
when formula (5) is justified by the extension of transition diagrams (Fig. 1, a) of a system with a neu-
trally stable object to electromechanical systems with an arbitrary structure. Therefore, for electric
drives (1), (2), in addition to violation of the assumption

u(t)=const = alt)= const, (15)
on any interval of constancy u(t) the following equality also fails
|a(t) = Amax (16)

due to the action of internal feedbacks of the control object.

Due to such a discrepancy between the predicted diagram a(t) and its real form, both the ve-
locity and acceleration increments in the time intervals between single switching of the relay control-
lers turn out to be different from the calculated ones. But the optimal parameter (6) of the controller
R, is determined [9] precisely by the ratio of these increments. Therefore, the motion of systems syn-
thesized with non-observance of conditions (15), (16) is somewhat different from the expected one.

Despite the impossibility of fulfilling condition (15) by structure (1), (2), it is possible to ap-
proach the fulfillment of assumption (16) in the mathematical apparatus of the N—i switching method.
The solution to this problem lies, firstly, in averaging the calculated values of the jerk obtained at the
boundaries of the interval of constant voltage t,, — t, (Fig. 3), and, secondly, in taking into account
the formula for calculating the jerk of all members of the second equation of the system (3). As a re-
sult, instead of formula (5), it is possible to compose the following expression

amax=|amaX( )+ Amax ()] =18 L ()= Rei(tn)— ¢ olty) + u(ty)— R ity)—c-oftn) . (17)

Finding a,, according to expression
(17) implies the replacement of diagrams, equiv-
Amay alent in value to the integral of a(t) on the time

interval of voltage constancy, i.e. ensures the
equality of the areas of the curvilinear trapezoid
and the rectangle under the real and calculated
jerk diagrams (Fig. 3). This replacement does not
give an exact averaging of the jerk, since formula
(17) provides for a linear interpolation of the
curvilinear side of the trapezoid (dotted line in
Fig. 3), but significantly reduces the error in pre-
dicting the value of a,y .

. L . Correlating time points 2, 3 (Fig. 1, a)
Fig. 3. Approximation of the real time \yith moments t.,, t, (Fig. 3), we find the values

diagram of the jerk by a piecewise constant  of the coordinates on the designed diagrams for
function substitution into formula (17) in order to deter-

mine a,,, More precisely:
U(tm) = —Umax i(tm) = imax Cl)(tm)z W2 = Omax — 01,
U(tn) = —Umax ’i(tn ) =0, Cl)(tn) = Omax -

In

(18)

Value
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2
oy == Zmax (19)
2 amax
in (18) has the meaning of an increase in velocity [9] in the intervals of change in acceleration

(Fig. 1, a, Fig. 2, a). To find ap,,y using formula (18), you need to know ®; depending on &,y ac-
cording to (19). This logical circle can be broken by using for the calculation «; the previously found
according to (6) value a,,y, Which we denote by a,540:

c1
max0 = F‘I‘Umax : (20)
The reason for this is the approximate nature of both formulas (5), (17), where formula (5) is
the first approximation of formula (17). Therefore, use the calculation expression
2
= l‘c’mi ) (21)
2 8max0
By substituting formulas (20) into (21) and (18) into (17), we obtain a refined expression for
determining the estimated jerk aax
l1cl1 .
Amax ZE‘F‘I‘(ZUmax +Rimax +C(20may —©1)). (22)
For acceleration modes with a triangular acceleration diagram (Fig. 2, a), instead of formulas
(20), (21), the calculation expression should be used

o1

1
W = Py Omax - (23)

In addition, the development of a triangular acceleration diagram leads to a decrease in the
maximum current in formula (22) relative to its initial limitation level to the level imayrg . This

change is proportional to the decrease in the maximum acceleration from the level jlmax defined by

formula (4) to the actual one e, and gives the following maximum current value:

; ; €max J - Emax

Imaxtrg = Imax - c = : (24)
¥ c
3 'max

Let's synthesize the control system (1), (2) with parameters (9), (10) according to the refined
method for the cases of tuning to the specified velocity considered above (Fig. 1, b, Fig. 2, b)
1) ® =025-0,=1255" =oma, 2) ® =0.05-m5 =255 = 0y
which correspond to trapezoidal and triangular acceleration or current diagrams. In the first case, the
sequence of formulas (4), (5), (20), (21), (22), (6) is used, which instead of the values (11), (12) gives
the updated system settings
Emax = 32052, apay = 28189573, (25)
K =0.0057 s. (26)
In the second case, the sequence of formulas (4), (5), (20), (23), (24), (22), (6) is used, which
instead of the values (14) gives the results
Emax = 23952, amay = 24676572, (27)
Kge =0.0048 ¢, (28)
where apy IS also modified in contrast to the settings obtained by the basic version of the N-i
switching method. It should be emphasized that different values of ap,,, in data sets (11), (25), (27)

refer to the calculated levels of jerk constraint for the synthesis of controllers based on different frag-
ments of transients, which correspond to intervals of constant voltage with the same real ampli-
tude Upay -
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The results of simulating the dynam-

il A N - T ¥ ics of the control system of the electric drive
: for these two cases, shown in Fig. 4, demon-

strate the complete correspondence of the
form of the obtained transients to the de-
signed time diagrams (Fig. 1, a), (Fig. 2, a).
The absence of undershoots or overshoots
indicates the achievement of optimality in
terms of speed for given coordinate con-
straints. The achieved quality of transients
allows us to assert that expression (22) to-
gether with formulas (19), (23), (24) provides
a high degree of approximation of the pre-
dicted value of ap,,, to the real constraint of

jerk for both types of the acceleration dia-
Fig. 4. Transients of modified electric drive  gram.

control systems with trapezoidal (a) and triangular The results of simulation of the dy-
(b) acceleration profiles namics of the electric drive control system for
these two cases, shown in Fig. 4, demonstrate

the complete correspondence of the form of the obtained transients to the designed time diagrams
(Fig. 1, a), (Fig. 2, a). The absence of undershoots or overshoots indicates the accomplishment of op-
timality in terms of speed for given coordinate constraints. The achieved quality of transients allows us
to assert that expression (22) together with formulas (19), (23), (24) provides a high grade of approxi-
mation of the predicted value of ap,, to the real constraint of jerk for both types of the acceleration

diagram.

Conclusions

The result of the presented study directly solves the problem inherent in the N-i switching
method due to the adoption of simplifying assumptions necessary for its generalization to an arbitrary
order of the system. The implementation of this result provides a significant reduction in the duration
of the transients, eliminating the need to use means of additional correction of parameters [13]. But the
described procedure for refined prediction of jerks, based on detailing the designed section of the
optimal trajectory of the electric drive control system, can be used not only as part of the mathematical
apparatus of the N-i switching method. It can also be used with any drive control system speed
optimization problem. The developed supplement to the synthesis method is focused on integration
into the algorithms [10, 11] of setting digital control systems, which is the prospect of its practical
implementation.
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