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In the article, the structural scheme of the synchronous motor torque control channel is shown and mathe-
matically described. Passing of a sine signal in the torque control loop is considered, equations for describing
the dynamic properties of the current control loop are given. Specific features relating to the frequency charac-
teristics of the channel for controlling of the electromagnetic torque in the adjustable variable speed drive
with synchronous electric machines are considered. The control channel is regarded as a linear system with am-
plitude modulation. A comparative analysis of the experimental and calculated Bode plots of the current and

torque control loops is carried out.
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Introduction

AC variable speed drives are operated by close
loop scheme with the inner loop of the indirect control
of the electromagnetic torque and outer loop — speed.
In addition, in case there is a direct dependence be-
tween the armature current of the motor and its torque
in typical DC drive, that simplifies the inner loop
setup, in AC electric drives there is no such explicit
dependence. The oscillate features of the description
of dynamic properties of the electromagnetic torque
actuating path in the variable-frequency electric drive
with the synchronous and synchronous reluctance ma-
chine lower with use of the device.

Theoretical

The control loop of the torque (CLT) in the vari-
able-frequency synchronous electric drive should be
carried to multivariate the same systems of regulation
with the amplitude modulation of the U;, input signal.
The sequence of mathematical operations, by means
of which signal transmission processes through links
of one phase of the synchronous motor stator are de-
scribed, is illustrated by the block scheme. Here links
are connected sequentially: PCGB — phase current
generated block; CLC — the control loop of the stator
phase current; SM — the synchronous motor [1].

In a mathematical model of PCGB after the op-
eration of multiplication (modulating action) of the Uj,
input signal on a sine function is the U, reference
signal on the motor input CLC:

(]re/“: (]in sin (A

where ®; — angular frequency of a modulating signal
equal to the voltage set frequency to the frequency
converter by the angular position sensor of the motor
rotor; ¢ — time.

The modulating signal can be generated by
the angular position sensor of the motor rotor directly

that is seen in diagrams of the torque vector control
formation [2] or via coordinate conversions of vari-
ables [3]. In the first case the spatial resultant vector
of current of the stator is created in polar coordinates,
in the second — in orthogonal. Then the signal U,,, will
be transformed by a control loop of the stator phase
current (CLC) to the stator current / [4]. Connection
between these values can be described by the CLC
transfer function:

Were(p) = i(p)/ Urep).

The link SM considers interaction of the stator
phase current i with the excitation rotor. The electro-
magnetic torque of the motor M; resulting from this
interaction is considered as an outcome of the current
(/) secondary multiplication (demodulation) by
the sinusoidal value of the same frequency, as to
PCGB, but with the y — degree phase shift:

]Wi = Lm[ri sin ((")ltJr Y) >
where L,, — the maximum value of the mutual induc-
tion coefficient between the rotor winding and one of
the stator phases; /. — rotor current of the synchronous
motor; Y — the angle of shift between the sinusoidal
quantity given on inputs of PCG Band SM [5].

Practical

For application to the analysis of processes in
the variable-frequency AC electric drive of the stan-
dard device of the Bode plot and transfer functions
will consider passing of a sine signal through links of
one phase of the control loop of the torque [6].

Let give to the control loop input of the torque
CLT a sine signal of the frequency o, i.e.

[]in = Um sin g Z,

Then to the output of the first unit of multiplica-
tion (a link PCGB)

U.=U,sinot sinw; t=

=0,5U,,[cos(® — o, )t — cos(o + o).
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We see that the first harmonic of frequency o is
lost, but two summary harmonicas appear (o + ®;)
together with the difference (oa - 031) frequencies.

If dynamic properties of the CLC link are to de-
scribe amplitude 4, (®) and the phase @c;(®) Bode
plot, then a signal at its output can also be provided by
the amount of two summary harmonicas and the dif-
ference frequencies:

i= 0,5, Acrci(® — o1)cos[( — @)t — ¢1(0 —01)] -

—0,5U,Acrea(o + or)cos[(o + 01)f — da(o + @y)].

Here Acpci(0— ;) and Acyoo(® + ;) — values
of the Bode plot of the gain of the CLC link with fre-
quencies (0—®;) and (0t ®;); ¢(0—w®;) and
0>(® + @) — the values of the phase-shift-frequency of
the CLC link with the same frequencies. Generally,
these harmonicas differ among themselves on the am-
plitudes and the phase angle only in case when CLC is
inertia less, the amplitudes and phases at them identi-
cal. After secondary multiplication in the SM link each
of harmonicas will again break up into two items, then
]Mi = LmIri sin (('01 i+ Y) = 0525 l]mLmIrACLCl((D - (,OI)X
X{sin[ml—#y%),(co%nl)] — sin[(ol— Zmll—yﬁ),(u)wl)]} +
+0.25U, Lyl Acrex(ote) — {sinfor — y - ¢ (0+o)] =
- sin[u)t + 20t + 77— dr(o0 + u)l)]}.

It follows from the last expression that at output
of the single-phase torque control loop the monosine
signal U, of the frequency o will be transformed to
the signal containing four harmonicas: two with
the basic frequency o, but with different phase angles,
and two harmonicas with the side frequencies
(0 —2m) and (® + 2m,). In the three-phase variable-
frequency electric drive the electromagnetic torque
of the synchronous motor is provided as a result of
the combined action of three identical single-phase
control loops connected in parallel. These control
loops correspond to phases A, B and C of the stator
and have the general input signal and the adder on
the output [7]. Feature of this structure is that signals
are multiplied in the links of PCGB and SM by
the sinusoidal values forming a three-phase symmetric
system among themselves. It leads to the fact that at
the system output adder (which shall contain twelve
items) two or three of sine curves are mutually equili-
brated. In expression for the electromagnetic torque
there are two trebled harmonicas of the basic fre-
quency ®. The amplitudes of these harmonicas and
the value of their phase shifts are defined by the fre-
quency responses of the CLC link of CLC on the side
frequencies (0—;) and (o + ®;):

M=M,+ Mg+ Mc=M(o—-0)+M)(o+ 0))=
=0,75U, L, L Acrci(0—o)) sin[of + 7 — ¢(0 — 01)] +
+0,75U,.L,, L, Acrco(o + ml)sin[mt—y — b2(0 + ool)].

Let's consider the expression given above for
the electromagnetic torque of the synchronous motor
in more detail. In the elementary case we read CLC as
an inertialess link. In electric drives with a supply of
windings of the stator from the gated transformers

working in the current source mode, the bandwidth
range of frequencies of CLC reaches several thousand
radianper second, so, the accepted assumption not
only simplifies a pattern of processes, but also slightly
distinguishes it from the true one. In case of the iner-
tialess CLC its Bode plot (4= const) and the phase
frequency characteristics (oo = 0) [8]. The vector
of the resultant torque (M) turns out as the amount
of vectors, equal on length (M, and M,). At the same
time, the vector (M) advances the vector (U,,) by the an-
gle (y), and the vector (M>) shifts behind on the same
angle. The expression for the torque takes a form:

M= laSIJianIrACLCCOS’Ya
i.e., with a constant amplitude of the sine input signal
of U, = const, we have M = const overall the fre-
quency band. If y = 0, then the directions of a vector
of U,, and composed by M, and M, match [9].

The frequency characteristics of the torque con-
trol loop, in case of the different fixed values m;. Let's
simultaneously compare the values ®; and ®.. For
descriptive reasons, we will provide items (M; and
M) in the vectorial form. Let us remind that these are
sinusoidal values of the frequency o, amplitudes
which phase shifts depend on the values of side fre-
quencies (o—®;) and (o + ©;). Let us address the CLT
vectorial charts (Fig. 1) when U;, vector is accepted to
the basic (input) vector, and for a day off — the vector (M)
represented as the amount of items (M, and M,) [10].

M=M+M,
b)

Fig. 1. Sum of the torque component
in the synchronous electric drive

At first, we will consider a case when (0,;<<®.)
that is traced by operation of the electric drive on em-
phasis, and also in the mode of “creeping” speeds;
then (0 £ ©. = ®), therefore

Acrei(@—01) = Acrea(® + ©1) ® A d0);

d1(®—01) = da(0 + @1) = ¢(0).

The modules of items M;(0v—w;) and M,(® + ®;)
are equal, and in case of the frequency change, the ampli-
tude and phase shift equally change (Fig. 1, a).
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The frequency responses of CLC and CLT in the relative
units match, the expression for the torque takes a form:

M = 1,5U,,L, 1, Acic(®)cosysin[wf — d(w)].

When o, and ot are comparable in their values
and (0 —®;) and (o + ;) differ significantly, and
because of influence of inertialess in the CLC links, it
is necessary to consider a limited bandwidth range of
the frequencies of the CLC items (M, and M,) chang-
ing differently as a frequency. Most considerably this
difference is shown in the field of the cutoff frequency
(o.); then in case of frequency rate of tension on
the statorclose to the value of this frequency in case of
®; ~ 0., the difference of frequencies (o — ;) lies
within the working bandwidth range of CLC frequen-
cies where the vector (M) changes slightly. The other
side frequency (o + ®;) quits for the right boundary of
the uniform passage of frequencies where range of
a vector (M,) significantly decreases [11].

As a result, there is |M;| > |M,|. Therefore,
the value and the direction of a resultant vector
(M= M, + M,) are defined largely by the vector of M,
which changes a little (Fig. 1, b) [12]. At the resultant
range of frequency characteristics, some broad banding
of uniform passage of frequencies in case of the reduced
values of the Bode plot of CLT is observed, and
the phase of frequency characteristic CLT passes higher
than the phase of the CLC frequency characteristics.
The described phenomenon is shown stronger than fre-
quency rates ®; and the angular speed of the motor are
closer to the frequency rate of a cutoff (®.) than CLC.
In the range of very high frequencies of the U;, test signal
of when @ — oo, in case of any finite frequency rate (®;),
the frequency responses of CLC and CLT match. Around
mid frequencies, when values (®; and ®,) are close, these
characteristics differ, and for their computation, it is ne-
cessary to use the above-stated expression [13].

Analysis results

Calculation was executed for CLT in which
the CLT closed-loop of each phase of the stator was
approximated by an oscillatory link of the second or-
der with the transfer function

Were(p) = 11+ 20T, + T°p?).

K
— 1
2
0,1
0,01
0,1 1,0 T
a)

Design bode plots corresponding to this transfer
function are received by substituting of p = jo and for
convenience are provided to functions of the dimen-
sionless value (®.). The bode plot of the gain of CLC
and CLT were provided in the relative units. Their
values were taken for basic values of the current am-
plitude and the torque in case of ®; =0 and ® =0
[14]. The coefficient of damping was accepted equal
{=10,5 that corresponds to a standard setup of the CLC
closed loop with the relative cutoff frequency o, = 1
and the phase margin A¢ =~ 50°. The design bode plot
of CLC and CLT in case of ®w; = 0 matches (Fig. 2,
curves 1) and corresponds to the current transforma-
tion model of iy, i3, i in the torque of M.

In case of the increased values @, when the angu-
lar speed of the electric drive approaches cutoff fre-
quency (®; = ®.), the Bode plot of CLT changes (Fig. 2,
curves 2). The gain decreases, but the Bode plot of
the phase for about a decade around the frequency of
the CLC cutoff of passes on 40-50° above that is ex-
plained by the dominating impact of the first item in
the above-stated expression for the torque. On the Bo-
de plot of CLT in comparison with the Bode plot of
the phase of CLC in case of values o; > o, the in-
creased rise of the phase not only remains, but also
increases a little. However, the practical effect from
this doesn't manage to be derived as receiving flat gain
of CLC on a section with the steep gradient of value of
gain requires unfairly big voltage-forcing of power
supplies of the stator circuit [15].

The described comparison of the Bode plot of CLC
and CLT through all the range of frequencies shows
the following. First, it is necessary to set a system of
the electric drive at small speeds or even in case of
the slowed-down motor as these modes are characterized
by the smallest marginal stability. Secondly, at the stage
of an approximate choice of structure and parameters of
the correcting links in the electric drive it is possible to
replace internal CLT with CLC. This result seems very
paradoxical but is full of decency: on the one hand, it
simplifies calculation procedures, on the other — the inac-
curacy of measurements only increases the “margin
of safety” of calculations. At last, it is necessary to ob-
serve the principle of division of movements and to set

K

O\
-60 2/\ \
-120 \

-180 \¥

0,1 1,0 10 T
b)

Fig. 2. Bode plots of the gain (a) and phase (b) of the CLC and CLT: ®; = 0 (curve 1) and ®; = w. (curve 2)
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up CLC of phase currents of the stator it is isolated from
other actuating paths [16].

The experimental Bode plots were defined for
specification of the accepted mathematical model of
CLC, the accounting of all significant factors influencing
the dynamic characteristics of the electric drive, the con-
clusion confirmation was obtained during calculations.

Bode plots were defined for CLC of a phase and
CLT of the electric drive. The block diagram of
the experimental assembly and the characteristic are
given in Fig. 3. For convenience of comparing of
the options, the relative values of amplification gain in
case of low frequencies are accepted as identical [17].

The trial sine signal of the different fixed fre-
quencies in the range from 1 to 10000 rad/s was given
from the output terminal of the measurement unit
“Vector” [6] on an input of PCGB and further arrived
on three parallel operating CLC of phase currents of
the stator. Each CLC was executed on the basis of
the Al single-phase transistor autonomous inverters
(Maxi Maestro 25/127 type). As the SM, the synchro-

nous generator BMZ 4,5 was used (4,5 kV-a; 1500 rpm;
Uy = 127 V; 1, = 10 A). The phase currents were
measured by current sensors (CS) (Lem HY-05-P).
In case of determination of the experimental character-
istics of each of the local CLC of the stator phase of
the SM for an output variable accepted voltage of one
of CS, and the input voltage of the measurement unit
“Vector” [18].

In case of the experimental determination of
Bode plots CLT were used in series in the PLC pro-
grammable controller (Atmega 8535) which executed
the computing operations corresponding to the SM
link, the rotor-position encoder of the RPE (Omron
E6C3 AJ5C type) and the digital-analog converter
DAC (is an Atmega 8535 part). The value of assess-
ment of the torque M obtained on a DAC output was
accepted to an output signal of CLT [19].

The experimental Bode plots of CLC and CLT
(Fig. 4) was removed in the diagram with a propor-
tional regulator of the current, and in case of the am-
plification gain (K- =15) the open-loop circuit for-

S &
|
ipl: :
3 RC - Al ™™
n l
CS |= :
|
a)
Um
~ ~y i/’h
Vector == PCGB [—=| CLC
Y
<M pyc || prc |< rPE
b)
Fig. 3. Block diagram for the experimental
o, deg ¢, deg
1,0 3 0
2 \
-90 R 3
| 2
0.1 \\ l \\
-180 \
0,01 -270
10 100 1000 o, rads 10 100 1000 o, rad/s

a)

b)

Fig. 4. Experimental Bode plots: 1) CLT of the SM; 2) CLC of the SM; 3) CLC of the filed regulated reluctance machine
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med by links of RC, AI, CS (Fig. 3) has quite big

(to (2-4)-10" rad/s) band of the uniform passage of
frequencies. It allows almost complete weakening of
the influence of cross coupling on the nature of
the processes caused by existence of mutual induction
between stator windings [20]. The experiment also
showed the legitimacy of approximation of the CLC
of a phase of the stator an oscillatory link of the sec-
ond order in the range of frequencies at least to

(2-4)-107 rad/s. A little smaller band of uniform pas-
sage of frequencies observed in CLT in comparison
with CLC should be explained with existence of some
inertia in the procedure of the digital conversions,
which are realized in a PLC [21].

The experimental bode plots of CLC of the stator
phase (and, respectively, CLT) in the electric drive
with the filed regulated reluctance machine [7] have
a band of uniform passage of frequencies about
2-3 times wider (Fig. 4, curves 3). It can be explained
by the fact that with increase in number of phases of
the winding of the stator (the experiment was made in
case of m = 6) and an invariable bore diameter width
of a phase zone, number of a phase winding and leaka-
ge inductance decreases [22].

Conclusion

In case of the frequency analysis of the dynamic
properties of variable speed drive of an alternating
current with the synchronous motors, it is convenient
to consider CLT as the linear system with amplitude
shift keying [2]. Using the principle of division of
movements, it is possible to consider independent
processes in the phase CLC and CLT. Application
of the experimental characteristics allows, without
complicating the mathematical description of system
of the electric drive, to automatically consider influ-
ence of the cross couplings caused by existence
of reciprocal magnetic coupling between windings in
the motor. The modern inverters executed on three-
phase converters allow receiving in phase circuits
of regulation of current a band of uniform passage
of several thousand a radian in a second. The rough
estimate of the dynamic properties of the torque con-
trol loop of the can be received using only bode plots
of control loop of the phase currents of the stator.

The work was supported by Act 211 Government
of the Russian Federation, contract Ne 02.A03.21.0011.
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OCOBEHHOCTU YACTOTHOI'O AHAJIU3A KOHTYPA
PErYJIMPOBAHUA MOMEHTA B 3JIEKTPOINMPUBOAE

NEPEMEHHOI'O TOKA

A.H. lluwkoe, [.A. Cbives, H.B. CasocmeeHko,

M.H. KpynHoea, A.A. 3eMnsiHCKUU

FOxHO-Yparnbckul 2ocyGapcmeeHHbIlU yHusepcumem, 2. YensabuHck

B pa60Te NpUBEACHA U MAaTCMATHYCCKU OINHMCAaHa CTPYKTypHas CXE€Ma KaHajla pEeryJInpOBaHUSA MOMCHTa
CHUHXPOHHOI'O ABUTIATECIIA. PaCCManI/IBaeTCH IMPOXOXKACHUE CUHYCONAJIBHOI'O CUI'Hajla B KOHTYPE pEeryjmpoBa-
HHUA MOMCHTA, NPUBCACHBI YPaBHCHUA U1 ONNMCAHWUA OTUHAMHUYCCKUX CBOWCTB KOHTYpa pEeryJiupoBaHus TOKa.
PaCCMOTpeHLI 0COOEHHOCTH YaCTOTHBIX XapaKTEPUCTUK KaHalla PEryJIrupOBaHUsA JICKTPOMArHUTHOI'O MOMEHTA
B HaCTOTHO-PETYJIUPYEMBIX IJICKTPOIIPUBOAAX C CUHXPOHHBIMH JJICKTPUICCKUMHU MalllTMHAMU. Kanan peryinupo-
BaHHsA MOMCHTa PACCMATpUBACTCA KakK JIMHECIHAS CHCTEMa C aMHHPITyI[HOﬁ MOHyJI}IIIPIeﬁ. HpOBeﬂeH CpaBHU-
TEJIbHBIN aHaJIN3 OKCIHECPUMECHTAIBHBIX U PAaCUCTHBIX J'[Ol"apI/I(I)MI/I'-IeCKI/IX YAaCTOTHBIX XapaKTCPUCTUK KOHTYPOB

peryiaupoBaHusa TOKa 1 MOMEHTA.

Knioueswvie cnosa: 3ﬂel<mponpueod, uacmommnoe pecyiupoesanue, ﬂoeapuquuquKue uacmoninvle xapaxkme-

PUCMUKY, CUHXPOHHBIT PeaKMUBHbLI O8U2AMEb.
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