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An universal mathematical model of an induction machine (IM) has been constructed,
taking into account the saturation of the main magnetic circuit of its magnetic core and
the active power losses. The proposed approach to IM modeling expands the abilities
of MATLAB / Simulink environment for analysis of the electric power supply systems
(microgrid in the smart grid) with the nonlinear elements and dynamic load in abnormal,
asymmetric and fault regimes.
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1. Introduction

Intensive developing of microgrid in smart grid technologies along with the traditional use of induc-
tion machines expands the scope of their application for power generation (asynchronous generators),
conversion of single-phase voltage into three-phase voltage system and as part of multi-motor units in
technological facilities and etc.

Mathematical modeling of their modes and processes plays an important role in the research and
design of units and devices with IM [1]. Overwhelming majority of such objects research can be
performed in MATLAB / Simulink environment. Most of researches are aimed to analyze and optimize
symmetric modes and processes of electric drives. Thereby studies used the equations formed in the
rotating orthogonal d-q Park axes or the stationary «-f Clark axes without proper consideration of
the influence of schematic, mode and parametric features of smart grid or microgrid elements on IM
functioning [2-7]. Such modes occur using the capacitor braking, semiconductor converters or valve
elements (diodes, thyristors), asymmetric load of asynchronous generators and etc. Thus to study the
processes of asynchronous machine it is necessary to take into account adequately the saturation of the
main magnetic circuit, the effect of current displacement in the rotor windings, active power losses in
the magnetic core, the influence of stator elements saturation on the inductances and mutual leakage
inductances.

The paper presents a new approach to the development of the universal mathematical model of AM
as a part of smart grid and microgrid in MATLAB / Simulink environment. The obtained results are
based on the theory of the electromechanical energy conversion [1] and developed the mathematical
models of AM given in [7-9|. The universal asynchronous machine model will significantly expand the
research possibilities of modes and processes in the smart grid and microgrid, especially in the analysis
of their modes and processes under abnormal, asymmetric and emergency states.
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2. Universal mathematical model of asynchronous machine

Mathematical model of stator and movable rotor circuit electric voltages equilibrium of three-phase IM
with star connected stator windings and isolated neutral developed in the phase physical coordinates
in matrix-vector form presented in [7-9] is:

dXs

Vg = dt + R, (1)
d\, .
v = + R, i,, (2)
where v, = (vsa,vsb,fusc)t, v, = (vm,vrb,vm)t are vectors of stator and rotor phase voltages;
1, = (z’sa,isb,isc)t, 1, = (im,irb,irc)t are vectors of stator phase currents; Ay = ()\m,)\sb,)\sc)t,

Ar = (Nra, Ao, /\rc)t are vectors of the phase stator and rotor flux linkages, Ry = diag (Rsq, Rsp, Rsc),
R, = diag (R4, Ryp, Ryc) are the diagonal matrices of the phase stator and rotor winding resistances.

It should be noted that in equation (2) the values of all physical quantities are reduced to the
stator winding. The components of the flux linkage vectors A;, A, are complex functions with peri-
odic coefficients of the rotor axis rotation angle relatively to the stator, values of their currents and
electromagnetic parameters of the magnetic core and windings. In order to construct an universal
mathematical model of IM, it is reasonable to write down the expressions for determining the flux
linkages in the following form on the basis of the research results obtained in [1]:

Xs = 2/3 (LysDiy + Ly (im)(Diis + Dysiy)) (3)
Ar = 2/3 (Lyy Diy + Ly (i) (Diy + Dyyis)) (4)

where L,s = diag (Lysa, Losh, Losc), Lor = diag (Lgra, Lors, Lore) are the diagonal matrices of stator
and rotor winding phase leakage inductances, D,s, Dy are matrices of the space vector projection
coeflicients of rotor currents on the stator winding axes and stator currents on the rotor winding axes,
respectively:

cos(#)  cos(6+p) cos(8—p)
D,;=| cos(@—p) cos(f) cos(0+p) |, (5)
cos (0 +p) cos(0—p)  cos(6)
cos (0)  cos(6—p) cos(0+p)
D, = cos(0+p) cos(d) cos(8—p) |, (6)
cos (0 —p) cos(6+p)  cos(h)

where 6 is a rotor rotation angle, it is the angle between the axes of the rotor and stator phases,
p = 2w /3 is the angle between the geometrical axes of the stator and rotor phase windings of IM. D
is the matrix of coefficients of projections of the phases of the stator and rotor phase currents on the
geometrical a, b, ¢ axes of their windings in the following form:

cos(0) cos(—p) cos(p) 1 —-1/2 -1/2
D=| cos(p) cos(0) cos(—p) ||=1| —-1/2 1 —1/2 |, (7)
cos (—p) cos(+p) cos(0) -1/2 —-1/2 1

where L,, = L, (|5\m|) = |5\m| Jim (|5\m|) is the inductance of the main magnetic circuit of IM, which
is determined by its magnetization characteristic i,, (|)\m|) as a function of the space vector modulus
of the main air gap flux linkages |\,|, in the next form

Roa| = /2 (A2 + 22, +22,.) /3. (8)

To obtain the differential state equations of IM, expressions (3) and (4) should be differentiated in
time. Obtained relationships should be substituted into equations (1) and (2). As a result, the nonlinear
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system of the differential equations with the periodic coefficients is obtained. So their implementation
into the modern software environments is complicated. Simplification of IM equations is carried out
by transformation of coordinates for extracting from them periodic coefficients [1,2,6]. Usually the IM
equation is transformed to rotating orthogonal d-q Park axes, more rarely to the fixed orthogonal a-f
Clark axes. Such transformation is possible only under the condition of symmetry of circuit elements
parameters of stator and rotor circuits of IM. This fact limits the scope and possibilities of studying the
modes and processes of complex electrotechnical objects with non-symmetric parameters and dynamic
loads.

Analysis of the possible ways to construct a universal mathematical IM model to study the modes
and processes of the complex smart grid or microgrid proves the expediency of the state equations
transformation to immovable three-phase a, ¢, b coordinate axes of stator and rotor windings [8, 9.
During such transformation the element parameters and stator phase axes of AM will remain physically
real, and rotating rotor (phase or squirrel) will be replaced by the immovable symmetric three-phase
rotor [1].

To obtain the mathematical IM model without the periodic coefficients in equations (1)—(4) it is
necessary to transform the real physical coordinates (currents, voltages and flux linkages) of rotor into
the stationary (retarded) @, b, ¢ coordinates [1]. Let’s introduce the transformation matrix of the rotor
coordinates T, into the stationary coordinates and vectors of physical quantities in the stationary axes:

~ ~ ~ ~ t by e 3 3 t
iy = (Zrm Lro, Zrc) and A, = (/\rm Arbs /\rc) .
The relation between the physical values of the rotor in the moving and stationary axes is

iy = Thrir, A =T\ (9)
The inverse transformations look like

ip=T 1., XA =T7'\. (10)
Transformation by means of matrix T, from the physical point of view is a replacement of rotating
three-phase rotor windings by three-phase stationary windings. Its phase axes a, 5, ¢ are superposed
with a, b, ¢ stator phase axes. So, the physical values of stator windings remain unchanged.
Let us convert equation (1) to the stationary coordinates. After substituting (10) into expression (3)
one can get

A = 2/3 (LosDis ¥ Lon (i) (Dis + DTST;LZT)> . (11)

From equation (11) it follows that in order to extract the periodic coefficients, the condition
D, T, ' — D must be satisfied. Thus, the matrix of transformation of rotor currents in the sta-
tionary coordinates is:

5 cos(f)  cos(6+p) cos(d—p)
T, = §D7’5 ==\ cos(@—p) cos(f) cos(@+p) |. (12)
cos (0 +p) cos(0—p)  cos(0)

Matrix T, is an orthogonal one, therefore the inverse matrix inverse coincides with the transposed
one, namely
-1
T, ' =T (13)

Taking into account (13), after substituting (11) into equation (1), it is reasonable to write it in
the following form

dAm dig .
=~ Los_ sls) 14
v, 7 + 7 + Rg1 (14)

where Ay, = Ly (i) (is + ET) is a vector of phase flux linkages of the air gap of IM.
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To transform equation (2) into the stationary coordinates, The flux linkages and currents of rotor
phases are to be transformed. After substituting (10) into formula (2)

AT ' A .
v, = AT, ) + R, T, '4,. (15)
dt
Multiplying equation (15) by the matrix T, at the left-hand side and taking into account that the
time derivative of the fluxlinkage vector in the fixed coordinate axes is

d(T7'N,)  dT7 L dX,
r == X\ +T = 16
di a (16)
one can obtain ) ~
T . -
T, v, :TTdd; )\T+T;1d;t +T,R, T, '4,. (17)

Time derivative of matrix T ! taking into account the equation (13) looks as

1 sin(f#)  sin(@—p) sin(0+ p)
% = —gwr sin(@ +p) sin(f) sin(0—p) ||, (18)
sin(f —p) sin(@+p)  sin(0)

where w, = df/dt is reduced to the pole section the angular rotation speed of the rotor. Taking into
account (13) and (18) we find

AT !
TT r p— QT, pu—
dt

w
—1 -1 0 1 |. (19)
V3l 1o

The expression for the rotor flux linkage required to convert equation (17) to the stationary coordi-
nates will be found from the expression (4) by multiplying its terms by the matrix T, on the left-hand
side. Taking into account (7) and (9)

A =2/3C (T, Loy T5 iy + Lin(im) (i + 31 ) (20)
Substituting expressions (19) and (20) into equation (17) provides
T, v, = d\p/dt + T, Ly, T de, Jdt + T R.T Y, + QA (21)

In the equation (21) expressions T, Ly, T, I and T.R, T, 1%r are leakage inductance and rotor
resistance matrices in the stationary coordinate system. The elements of these matrices are values with
the periodic coefficients, which makes the modeling of equations with such matrices more difficult.

In real IM, the leakage inductances and resistances of the rotor phases are the same. Taking into
account the equality of rotor inductances Lyrq = Lorp = Lore = Lo and resistances R,.q = Ryp =
R,. = R, we have

-i/ar = TT’LO'T’Tr_l = Lar7 (22)
R, =T,R.T;'=R,. (23)

After substituting expressions (22) and (23) into equation (21), taking into account (20), it will
look like . 3 3
Uy = dA\p/dt + Lyrdi, /dt + Rty + Qp(Lopi + Apy), (24)

where A, = Ly (i) (z’s + ET) = (Amas Amb, )\mc)t is a vector of phase flux linkages of the IM air gap.
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Accounting of active power losses in the magnetic core of IM caused by eddy currents and hysteresis
is carried out by introducing three additional resistors into the circuit with the additional winding,
which wraps the main magnetic flux A,,, similarly as for the transformer described in [10]. The
differential equations for the main magnetic fluxes will be obtained by Ampere’s law for the main
circuit of the magnetic core and Kirchhoff’s law. Let us write these equations in the following form:

D (i, + iy + i — Bn(Am)Am ) =0, (25)
dAp, )
i Rsi st — Yy 26
g T it 0 (26)
where R,,(As) = im(As)/As = 1/L,, (As) is magnetic resistance of IM main circuit, Ry =

diag (Rsia, Rsip, Rsic) is the diagonal matrix of resistors considering also the active power losses in
the magnetic core, t5; = (isia, isib, isic)t is a vector of currents in resistors considering also active power
losses in the IM magnetic core.

Taking into account that in equation (25) D # 0, it can be rewritten

b5+ 2y + 5i — Ron(Am)Am = 0. (27)

Vector of currents ig; via equation (27), after substitution into (26) is

dAm .
W — Rsi ('Ls + 1, — Rm (/\m) )\m) ) (28)
The equation of mechanical motion of the induction motor rotor looks as follows:
J dw, .
—_ = j:Tem T )\m Tm ) 29
e (i Am) F T () (29)

where p,, J are the number of pole pairs and the moment of the AM rotor inertia respectively, T}, (w,)
is mechanical torque applied to the AM rotor, Tep, (45, Ayp) is electromagnetic moment of IM, which
should be found out by the formula [1]

Tem(Am7 ;7’) = 3po‘5\m X ;r|/2 = \/gpo ()\ma(%rb - %rc) + )\mb(grc - gT’a) + )\mc(gra - ;rb))/2 (30)

where Ay, gr are the spatial vectors of the main flux linkage and rotor current in the stationary
coordinates.

3. Implementation of the induction machine model in MATLAB /Simulink

System of the nonlinear differential and algebraic equations of electromechanical IM state (14), (24),
(28) and (29) obtained above, taking into account expressions (8) and (30), can be implemented in the
software environments. The implementation of such a system in the available software tools used for
the modeling states and processes is a complicated problem.

To implement the mathematical IM model in MATLAB/Simulink differential equations (14), (24),
(28) and (29) must be expressed in the integral form

o= 25! ([ o R a0 (31)

~ t ~ ~ ~
i =L (/ (f;r —Ryi, — Q. (Lorir + Am)) dt — Am> +,(0), (32)
0
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t ~ —
Am = Ry ('Ls + 2 — Rm(‘Am’)Am) dt + Am(o)a (33)
0

J [t L L L -
Wr = p_ (:l:\/ng()‘ma(irb - Z'rc) + )\mb(irc - ira) + /\mc(ira - Z'7“17))/2 + Tm (WT))dt + wT(O)' (34)
0Jo

The stator phase voltages vs are determined by the phase voltages of the busbars supplying the
IM, according to the following formulas

(2uq — vp — V) /3
vs=| (2up —vg —v.)/3 |, (35)
(2v, — v, — vp) /3

where v,, v, v. are the phase voltages of microgrid buses connected to the induction machine (Fig. 1).

Stator Rotor
Fig. 1. Scheme of IM connection with a microgrid.

For a squirrel-cage induction motor in equation (32) it is necessary to take that ©, = 0. Structural
diagram of the mathematical model of squirrel-cage induction motor for one phase b in MATLAB /
Simulink environment is shown in Fig.2. Simulation results of the induction motor direct switching
from a powerful source are shown in Fig. 3.

To verify the adequacy and the capability of the proposed mathematical model, a model of induction
motor [11-13] of 4A180M4 type neglecting the saturation of the magnetic core and losses of active
power in the magnetic core using built-in SimScape/Electrical model was developed. Parameters
of the induction motor were as follows: Upppom = 220V, 2p = 4, P, = 30kW, J = 0.225 kgm?,
R, =0.16 Ohm, L, =0.169H, L., = 0.005H, L,, =0.0075H, R, = 0.078 Ohm, L,,, = 0.049 H.

Mechanical torque T),(t) for the mechanism with fan characteristics is given in the form of the
following function presented in Fig. 3. Block diagram of this model is presented in Fig. 4.

Ty (wr) = 176 (0.2 +0.08 (wr /308)2) . (36)

The simulation results of direct motor starting fed by high-power voltage source with the linear
voltage 380V are shown in Fig.4. The figure shows the angular rotor speed, the stator phase current
and the electromagnetic torque of the motor.

The simulation results obtained with the proposed model (Fig. 2) are shown in the Fig. 4 and Fig. 5.
In Fig. 4 the electromagnetic coordinates of the transient process at induction motor start-up are shown.
Parameters of the power supply and mechanical torque were the same as used for the model given in
Fig. 3. Here the following oscillograms are presented: stator phase current, modulus of spatial vector
of flux linkage ||, phase flux linkage from the air gap magnetic flux \,,, and magnetic resistance
R (|Am|) of the main magnetic circuit of induction motor.

The offered structural diagram (Fig.2) takes into account the magnetization characteristic of the
main magnetic circuit, approximated by the dependence of its magnetic resistance on the modulus of
the spatial vector ‘S\m by a polynom of the following type

Ron(|An) = 117 + 1.21 | An|* + 0.497 [ A, |° (37)

and active power losses in the magnetic core by introducing of resistors Ry = 500 Ohm.
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Fig. 2. Block diagram of the mathematical IM model in Simulink.
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Fig. 3. Block diagram of the mathematical IM model in Simscape.
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Fig. 4. Waveforms of coordinates of the IM transient in Simscape.

Based on a comparative analysis of the calculation results of the process coordinates by two models,
we can conclude that the nonlinearity of the magnetization characteristic of the main magnetic circuit
significantly influences on the values of the transient process coordinates: the surge current and the
damping duration of the aperiodic components of its coordinates. In the steady-state mode, the stator
current parameters and mechanical coordinates, namely, the rotor rotation speed and electromagnetic
moment practically coincide.

The proposed model is the universal one and open to the further improvement due to the additional
nonlinear phenomena — the influence of power losses because of hysteresis and eddy currents, the effect
of current displacement in the winding conductors and the nonlinearity of stator and rotor leakage
inductance.
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Fig.5. Waveforms of electromagnetic coordinates of the IM transient in Simulink.
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Fig. 6. Waveforms of mechanical coordinates of the IM transient in Simulink.

4. Conclusion

The universal mathematical model for transient processes analysis in the induction machine has been
constructed. Presented model considered the influence of schemes of connection and parameters of
electric and magnetic circuits of smart grid and microgrid elements in MATLAB / Simulink visual
modeling environment. The model provides wide opportunities for the study of transient electromag-
netic and electromechanical processes in the complex electrical systems, especially with the nonlinear
elements and dynamic loads. The model can be used to solve specific engineering problems of analysis
and synthesis of modes and processes of microgrid in smart grid.
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YHiBepcasibHa MaTeMaTu4Ha MOAE/lb aCUHXPOHHOI MaLWIUHN K
efleMeHTa IHTesNlIeKTyaJIbHOI e/IeKTPonocTa4asbHOI CUCTEMN

Toromiok IT. ®@.', Toromox O. I1.', Kynux T. A.2

L Inemumym enepzemuku ma cucmem Kepyeanta,
Havionaavruti ynisepcumem “JIvsiscora nosimexnixa’,
eyn. C. Bandepu, 12, 79013, Jlvsis, Yxpaina
2 Inemumym npurxaadnoi mamemamury ma GyHOGMEHNMaNbHUT HAYK,
Hauionarvrut ynisepcumem “/Ivsiscora nosimexnira”,
eya. C. Bandepu, 12, 79013, Jlvsis, Yxpaina

CrBopeno yHiBepcasbHy MaTeMaTHYHy MOJeJb acunxponnol mammuu (AM) 3 ageksar-
HUM ypaxXyBaHHSIM HACHYEHHs OCHOBHOI'O MarHETHOT'O KOJa 11 MarHeTOIPOBOIY Ta BTPAT
AKTUBHOI IIOTY?>KHOCT1 B HbOMY. 3aIllPOIIOHOBaHUIT i X 10 MojestoBards AM posmuproe
cepy Bukopucranns cepegosuiia MATLAB/Simulink myis ananizy pexxumis i nporecis
IHTeJIeKTyaJIbHIX eJIeKTpoIocTadaibaux cucreM (microgrid in smart grid) 3 mesiniiinumm
€JIEMEHTAMU Ta JUHAMIYHUM HABAHTAXKEHHSM Y AHOPMAJILHUX, HECUMETPUIHUX 1 aBapiii-
HUX CUTYAaI[isX.

Knto4oBi cnoBa: indykuyiiing Mowuna, MamemamuuHa MOOEAL, THMEAEKMYANOHA EAEK-
MPONOCNAHANDHA CUCTIEME, MOOENIOBAHHA.
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