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Abstract. The engineering methodology for the synthesis of a robust AC electric drive control system
based on a synchronous electric motor with excitation from permanent magnets with a Hine-suboptimal
speed controller operating in conditions of incomplete information about the plant and taking into account

its structural uncertainties is considered.
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Introduction

One of the main problems of modern control
theory is the management of dynamic plants in
uncertainty conditions. Uncertainty is caused by the
lack of complete information regarding the
parameters or characteristics of the control plant, in
addition, the mathematical model of the control
plant itself, obtained analytically or as a result of
identification, differs from the actual technical
system.

In recent decades, an approach has evolved
when, in the presence of uncertainty, the task of
managing not a single plant, but a family of plants
belonging to a given set arises. Compared with the
algorithms of classical control theory, it is necessary
to ensure the stability of a closed system not only for
a nominal plant, but also for any plant from a given
class of uncertainty - this is the task of synthesizing
robust control (H.-theory).

The interest in the synthesis of robust regulators
is associated with the need to reduce the required
amount of a priori information about control plants,
the desire for universality of control systems and
reduce the cost of their adjustment. It should be
recognized that, despite serious theoretical
achievements [1-3], including in the field of
automated electric drive, H.-optimization methods
are not included in the daily domestic and foreign
practice. This is due to the dominance in the market
of complete electric drives with "classical" control
algorithms.

The goal of the work is efficient algorithms for
controlling the speed of synchronous electric motors
with permanent magnets (SMPM) has developed,
providing an improvement in their quality in the
sense of low sensitivity to the values of changing
and predetermined parameters.
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The Material Presentation and its Results

The mathematical model of the SMPM is given
in a number of papers [4-6]. The linearized
mathematical model of SMPM as a control plant,
necessary for the synthesis, is given by the authors
in [7]. Transfer function in relation to the control
action [7]:

(Z p‘Pldo)_1
(Telel p2 +Tm1 p+ 1)

where Z, — number of poles; Wiq0 — flux linkage
L
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constant; Tm1=+ — electromechanical
mlzp‘PB\quo

time constant.

Analysis of the transfer function (1) shows that
the dynamic characteristics of a synchronous motor
operating in the mode of a valve motor (brushless
DC motor) are similar to those of a conventional DC
motor. The structure composed on the basis of the
complete linearized description of the SMPM [7]
corresponds to the structure of a DC motor
description with independent excitation (Fig. 1). The
speed of a synchronous motor in this mode is
proportional to the voltage applied to the stator
windings by the frequency converter.

As an plant for further research, an electric
drive with a SINAMICS frequency converter and a
synchronous servomotor with excitation from
permanent magnets of the 1FT6044-1AF71 type
with such passport data was adopted: Uiy = 340V,
nv=3000rpm, Z,=6, Ilw=49A, Ju=16310
*kg'm? K¢ =1,57 Wb, Rs = 1,4 ohm, Lq = 13,5 mH.

Using the designations of the parameters
adopted in the above descriptions, we obtain the
following values: Ry = Rs, L1 = L4, Ws = 0,174 Wh,
T = Ll/Rl, Ty = T = 9,64 ms, J= 1,2Jd, T =
1,66 ms.
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Fig. 1. Block diagram of the SMPM linearized
description taking into account the inertia of the
frequency converter

We suppose that the inductance of the stator
winding L; varies in the range of + 20 %, the active
resistance of the stator winding R; in the range of +
30 %, and the moment of inertia J, reduced to the
motor shaft — in the range of + 40 % of nominal
values. The gear ratio, the time constant of the
frequency converter, the flux linkage created by the
permanent magnets on the rotor of the machine Y%
are considered to be constant values.

A description of the above uncertainties, which
are either not exactly known or are changing during
the operation of the drive, presented as a linear
fractional conversion (LFC); The definition of the
system input/output dynamics in the matrix
representation, taking into account the uncertainties
like G(s) — matrix of transfer function (TFM), as
well as the sequence of transformation of the control
plant structural schemes with uncertain parameters
are considered by the authors in [6, 8].

In Fig. 2 shows the logarithmic frequency
characteristics (LAFC and LFFC) of the perturbed
(indefinite) open-loop system, which were obtained
for different values of perturbation parameters i, dr,
03, 3 values are selected for each perturbation, in
accordance with the created TFM of an open-loop
system [6, 8].
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Fig. 2. LAFC and LFFC group of a perturbed system
within-1 <4, dr, 0:<1

In H.-theory by J. Doyle et al. it was proved
that the standard H..-control problem (which is often
called the problem of minimizing the output energy)
can be decoupled by solving two Riccati algebraic

equations [1] and is associated with the structural
diagram presented in Fig. 3.

In Fig. 3 adopted the following notation: w(t) —
vector external effects (perturbing and setting); y(t) —
vector of the measured output, used to improve the
quality of the work of the ACS (a vector that closes
through the feedback controller); u(t) — output vector
of the regulator (vector of control actions); z(t) — the
error vector used to control the quality of ACS (a
vector that must be made minimal in a certain sense).

w(t) 2(t)
> A|B, B, >
P(s)=|Cy [Du Diy
.- Cz D21 D2
u(t) y(t)
K(s) |

Fig. 3. Block diagram of the synthesized system
(standard H..-control problem)

The matrix of transfer functions P(s) represents
not only the plant itself which must be controlled,
but also the so-called. weight functions that are used
to ensure the desired quality. Such an plant P(s) is
called a generalized (extended) plant, the block
diagram of which is shown in Fig. 4.

In Fig. 4 G(s) — TFM of the control plant; K(s) —
robust regulator; P(s) — TFM of the generalized plant
taking into account the weight functions; Ws(s), Wr(S)
u Wr(s) — frequency dependent weight functions.

Fig. 4. Block diagram of a generalized plant

Further (s) and (t) will be neglected.

The matrix transfer function from the master
input impact w to tracking error z called the
sensitivity function:
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S=(l +GK) )

The transfer function from the master input
signal to the output is called the additional
sensitivity functions:

T=GK(I +GK)™* 3)

Note that the TFM of the closed-loop system T
establishes a connection between the output of the
system and the input of the reference signal. This TF
also determines like sensor noise (measurement
noise) affects the system output. The sensitivity
function S describes the output as a function of the
disturbance input. It also determines the response of
the tracking error to the reference signal, i.e. Sis a
transfer function by mistake. From the definitions of
Sand T, it follows that

I GK
+ =1
I+GK [1+GK

Matrix transfer sensitivity the control function:

S+T=

“4)

R=K(l +GK)™ (5)

Thus, T is an additional sensitivity function,
since T in sum with S is equal to one. Expression (4)
is an important dependency, which imposes a limit
on the achievable quality. S is the sensitivity of the
TF of a closed system to small perturbations in G.

The sensitivity function S and the additional
sensitivity function T in combination with the weight
functions Ws, Wgr and W+ are widely used for quality
assessment in the H..-theory [6].

For example, the quality criterion can be
expressed by the inequality:

IWsSI..<1 (6)

In the future, we look for a regulator to
minimize the rate 121, Z2, Z3l«.

At the same time, to parry disturbances, it is
necessary to have an error e in the low frequency
range, and to ensure stability and suppression of
high-frequency interference, it is desirable to have a
small y value in the high frequency range. To do
this, an error e in the low frequency range should be
“weighed” with a greater weight than at high
frequencies, i.e. the amplitude of the frequency
response  Ws should decrease with increasing
frequency (Ws is a low-pass filter). On the contrary,
the amplitude of the frequency response W+ should
increase with increasing frequency (Wr - high pass
filter). As for the frequency response of the Wk, it
may be necessary to limit the power control, as well
as a parameter that is adjustable to control the speed.
Since the singular value S (jo) determines the

attenuation of the disturbances, the required
attenuation of the disturbances can be given as

ai(S (jw)) <[ Ws™(jo) | ()

Meaning the above, the boundaries for the other
sensitivity functions are given in the form:

iR (jo)) < | Wr'(jo) | ®)
ai(T (jo)) < | Wr'(jo) | )

In this case, condition must be satisfied
ai( Ws™ (jo))+oi( Wr'(jo)) > 1 (10)

From the above it can be seen that the choice of
weight functions is an ambiguous task, requiring for
its decision sufficient developer experience, as well
as the application of trial and error. The choice of
these frequency characteristics also determines the
ability to complete the solution of the H.-control
problem to the end, i.e. get the central controller.

After setting the weight matrices, the existing
system expands so that it includes the equations of
these matrices as additional phase coordinates. An
extended system for regulator synthesis is an plant
P.

The generalized plant P (Fig. 3) has two inputs
(w and u), two outputs (z and y) and can be divided
into four TFM:

(11)

where Pji — the TFM from i-th input to j-th
output.

FL(P, K) — is the TFM of the closed system
from the disturbance input w to the error output
(controlled variable) z, T.w, which is obtained by the
lower linear fractional transformation (LLFT) [3, 6]:

z=Tww=F(P, K)w (12)
Taw = FL(P, K) = P11+ P1oK(l — P22K) P21 (13)

All  system requirements for reducing
disturbances and ensuring stability are reduced to a
single requirement for the norm.

ITowle <1 (14)
where
WS
T =|WRR (15)
W, T
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— the so-called cost function of the method of mixed
sensitivity (mixed sensitivity).

Consequently, the task of H.-optimization is
the choice of such a regulator K, which would
minimize the infinite norm T, or min [Twle.
Moreover, the choice of the optimal controller K is
performed over the set of all regulators that have the
property to make a closed system T, internally
stable, i.e. over many stabilizing regulators. For a
SISO system, the H.-norm of the transfer function
G(s), IGI in a scalar expression is finite and equal
to the maximum value of the amplitude-frequency
characteristic G(jw). Thus, the H..-norm serves as a
measure of the gain of the system. The H.-norm of
the TF is the output energy of the system when a
single energy signal is applied to the input. If the
output is an error, and the input is a disturbance,
then by minimizing the H.-norm of the TF, we
minimize the error energy for the worst case of the
input disturbance.

To create a generalized plant P, we used the
following weight functions:

/M +o,

Wg =— ; Wy =const, (16)
S+myA

where A = 0,001 (-60dB) - the desired

maximum permissible steady-state error in the
steady-state mode; wo = 200 s — desired bandwidth;
M = 4 (12 dB) — peak sensitivity.

In Fig. 5 shows the inversion of the weight
sensitivity function Ws™.

20

— is not used.

The weight functions Ws, W, and Wt “impose a
penalty” on the error signal, control signal, and
output signal, respectively. General
recommendations for the selection of weight
functions and the formation of a loop control
(loopshaping) are set out in [6].

Weight functions are rational, stable, minimal-
phase transfer functions (that is, there are no poles or
zeros in the right half-plane). Note that by
purposefully changing the parameters of the
weighting functions A, o and M (Fig. 5), the desired
characteristics of the quality of the control system
can be achieved, as shown by the authors in [3, 6].

Algorithms for the synthesis of the H..-regulator
using the “Two-Riccati Approach” are given in [1,
6].

The robust Hi-suboptimal speed controller
SMPM was synthesized using the effective methods
implemented in the Robust Control Toolbox
expansion package, of MATLAB system, which
allow the calculated algorithms to calculate the H.-
suboptimal controller that minimizes the H.-norm of
the closed system IT.l.. The synthesized robust
speed controllers according to the H.-norm criterion
are 4th order controllers. The reached H.-norm of
the closed system, obtained during the iterative
process, was 0.5308.

In Fig. 6 shows the sensitivity function limited
in amplitude by the weight sensitivity function
Ws(s), i.e. the condition asogesggqu < o(Wst(jw)).
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Fig. 5. Frequency characteristic of the sensitivity
weight function inversion
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Fig. 6. Frequency characteristics of the sensitivity
function S and its product with weight function Ws

This upper bound of the amplitude is inverted
to obtain the weighting sensitivity function Ws(s).
So, if the sensitivity function S(s) is multiplied by
the weight function, then the amplitude WsS(s) will
be less than or equal to one at the whole frequency.
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This example is called the “sensitivity weight
problem” since the Hx-controller minimizes the
maximum WSsS value at the entire frequency as
shown in Fig. 6.

Synthesized by means of the Robust Control
Toolbox, the Hs-suboptimal speed controller is
represented by an equation in the state space given
in the table 1.

Table 1

H..-suboptimal speed controller in the state space
a = b =

x1 %2 x3 x4 ul

x1 -0.2006 11.7 -0.06689 -0.9372 x1 3.346

x2 11.7 -2.175e+04 5435 3280 x2 -98.31

x3 0.06689 -5435 -0.7222 -21.65 x3 -0.5535

x4 -0.9372 3280 21.65 -2502 x4 7.819
c = d =

x1 %2 %3 x4 ul

vyl 3.346 -98.31 0.5535 7.819 yl 0

In Fig. 7 shows the results of the simulation of
electric drive system with a H.-regulator of the speed
of testing a closed ACS of a given trajectory while
simultaneously changing the moment of inertia J and
the stator winding resistance Rs in a 4 times.

350

- I—(RS,J) nom |]
—{Rs T

, Nsec

t, sec

——I—(Rs,.l)nom I
—RsnT
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Fig. 7. Simulation results of a robust control system
with a simultaneous change J and Rs 4 times the
nominal parameters of the control plant

The efficiency of the robust system is
confirmed by experimental studies of the permanent-
magnet synchronous motors 1FT6044-1AF71 type
and its power supply from the frequency converter
SINAMICS S120 [8, 9].

Conclusions

The possibility of using robust control systems
of H.-controller of the speed of a synchronous
electric drive to stabilize and control the speed in the
context of incomplete information about the plant
and taking into account its uncertainties with high
quality indicators.

Synthesized H.- controller provides the control
system with robust quality characteristics (reduces
the sensitivity of the system to changes in plant
parameters to the required level) and the specified
accuracy of speed maintenance.
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Hine POBACTHE KEPYBAHHSI CUHXPOHHUMUM IBUT'YHAMUAX
3 NOCTIMHUMM MATHITAMM: CTIMKICTH I AKICTh

€. C. Pynnes, /I. I. Mopo3sos, B. 0. I'puiiok
Cxionoykpaincokuii HayionanvHull ynisepcumem imeni Borooumupa Jans

Anomauin. OOHuicl0 3 OCHOBHUX NPOONeM CYHACHOI Meopii Kepy8anHsi € KepyS8aHHs OUHAMIYHUMU
00'ekmamu 6 ymogax HesusHawenocmi. B ocmanmi Oecsmunimms ompumye po3eumox Rnioxio, Koiu npu
HASABHOCMI HEBU3HAYEHOCHI GUHUKAE 3A680AHHS KEPYBAHHS He €OUHUM 00'ckmom, a cimelicmeom 00'cxmis,
wo Hazexcamv 00 3a0aHOI MHONCUHU. [nmepec 00 cunmesy poOACMHUX pe2YASAmOopie NOo8's3aHull 3
nompebamu 6 3HUNCeHHI HeoOXiOHo20 0bcscy anpiopnol inopmayii npo 0b'ekmu KepysanHs, NPacHeHHIM
00 YHIBEPCANbHOCMI KepyIouux cucmem i ckopouenms eumpam Ha ix nanaoky. Cunmeszosanuti pobacmmuuil
Hine-cybonmumanvruil pe2yisimop weuOKoCmi CUHXPOHHO20 O8USYHA 3 NOCMIUHUMU MACHIMAMU 6 YMO8AX
Henoenoi ingopmayii. npo o0b'ekm 3 ypaxysammsm 1o2o HesusHauenocmell. Pobacmuuii pezynsmop
weuokocmi 3a kpumepiem He-Hopmu € peeynamopom 4 nopsoky. [ocsewyma Hine-nopma zamxuymoi
cknana 0,5308. Ompumanuii  H\e-peayasmop
3abe3neyye cucmemi Kepy8arHs pobacmHi XapaxmepucmuKky aKocmi (3HUXCYE Yymaugicms cucmemu 00 3MiH

cucmemu, ompumana 6 Xxo0i imepayitiHozo npoyecy,

napamempig 06'ekma 00 HeobOXIOHO20 pieHA) [ 3a0any MOYHICMb NIOMPUMKU weuOKocmi. Bubip eazosux
@YHKYill € HEOOHO3HAUHUM 3AB0AHHAM, WO BUMALAE O CB020 PiuleHHs 00CMAMHbO20 00C8idy PO3POOHUKA,
a Makoxc 3acmocy8amHs memody npod i nomunox. Ilpu yinecnpsamosauiti 3mini napamempie 6a2o8ux
@YHKYil MOdICHA Oocsaemu  OaXCAHUX XApakmepucmux AKocmi cucmemu KepyeawHsa. Egexmusenicmo
pobacmmuoi cucmemu niomMeepoO#CeHa eKCNePpUMEHMANLbHUMU OOCHIONCEHHAMU CUHXPOHHO20 OBUSYHA 3
NOCMITHUMU MasHimamu i dcusienHi tio2o 8i0 nepemeopiosaya yacmomu SINAMICS S120. Iloxkazaro, wo
BUKOPUCMAHHS POOACMHO20 pe2ynamopa 00360JIA€ ICHMOMHO 3MEHUUMU 6NIUE NAPAMEMPUYHUX | 308HIUHIX
30ypensb Ha aKicme pe2yntoganta. Ompumaro pe3yibmamu mooeniosants 6 nakemi Matlab/Simulink.

Knrouoei cnoea: cunxponHuil enekmponpusoo, pooacmue KepyeaHHs, HeGU3HAYEeHICMb, YYMIUBICDb,
MOOe0BAHHSL.

Hine POBACTHOE YITPABJIEHUE CUHXPOHHBIMU JIBUT'ATEJISIMHA
C IOCTOSIHHBIMA MATHUTAMM: YCTOMYUBOCTH U KAYECTBO

E. C. Pyanes, /1. 1. Mopo3os, B. 0. I'puiiox
Bocmounoykpaunckuil HayuonanwbHblil YyHUgepcumem umenu Braoumupa ans

Annomayusa. Paccmompena uHIICEHEpHAs MemoouKa CuHmesd poOacmuol cucmemvl YNpaeieHus.
INEKMPONPUBOOOM NEPEMEHHO20 MOKA HA 0a3e CUHXPOHHO20 IAeKMpooguecamens ¢ 8030yicoenueM om
NOCMOSHHBIX MASHUMO8 ¢ HINF-CyOonmumansHuim pezyisimopom cKopocmu, QYHKYUOHUpYoueli 8 YCI08UIX
HeNnoaHou ungopmayuu ob odvexme u ¢ y4emom e2o CMpYKmMypHuIX Heonpedenennocmel. Ilokasano, umo
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UucnoJjvbl3oeaHue p06acmH020 pezgyismopa no3eoiient CYueCn8ERHO YMEHbUUNTL 6IUAHUE napamMenpudecKkux
U 6HEeUHUX 603Myu;eHu11 HA Ka4vecmeo pecyiuposanusi. HOJZy‘leHbl pesyibmantvl ManﬂMPOGGHu}Z 6 nakeme
Matlab/Simulink.

Knrouesvle cnosa: CcunHXpouHbulll 31eKMpPOnpusod, pobacmHoe YnpasieHue, HeonpeoelieHHOCHb,
uyecmeuniesibHocmo, MOO@JZMPOGCIHM@.
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