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The system of the autonomous synchronous generator with an active-inductive load is
considered. The mathematical model of the transient process in the coordinate system d, q is
presented, as well as the stationary regime of the autonomous synchronous generator is
introduced. The conditions for the existence and the parameters of the stationary regime are
obtained. A mathematical model of the transient process of the autonomous synchronous
generator in a canonical form is presented. For the mathematical model in the canonical form,
the Jacobi matrix is obtained and its stability in the stationary points is studied. The stability
was assessed using the first theorem of Lyapunov. For investigating the stability, a numerical
example is considered whose results are obtained by using the software package Matlab.

Keywords: autonomous synchronous generator, transient process, mathematical model,
stationary regime, condition for the existence.

Introduction. The mathematical model of a synchronous generator (SG) transient
process is described by a system of ordinary nonlinear differential equations [1]. When
the SG is operating isolated from the electrical network, i.e. by its own load, it is
called an autonomous synchronous generator (ASG). The static stability investigation
of the stabilized regime of ASG leads to the adequate solution of nonlinear differential
equations stability control system. The stability criteria for solving the system of
differential equations are defined by famous theorems of Lyapunov. For solving
practical problems, Lyapunov’s first theorem on stability is applied.

Let us consider the most famous works [1-3] among the ones devoted to the
ASG’s stationary regime of the transient process and transformation of mathematical
models for investigating their stability and peculiarities.

In work [1], the investigation of the self-excitation ASG's with an active -
inductive load is introduced (parametric resonance) and it is not related to the issues
considered in our work.

In work [2], the stability of ASG’s stationary regime is not investigated.

In the fundamental work [3] devoted to the research of static and dynamic
stability parameters of the electrical system and electrical machines, as well as the

48



impacts of various factors, the case of autonomous synchronous machines is not
considered.

Obtaining the ASG mathematical model. The goal of the work is to investigate
the stability of the ASG stationary regime.

Let us consider an ASG with implicit poles, one excitation winding and without
damping windings schematically shown in Fig.1 and obtain the mathematical model of
the transient process.
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Fig. 1. a) SG’s scheme connected to the network, b)Scheme of the ASG: Rc,Lc load
parameters

For obtaining the mathematical model of the ASG’s transient process, let us
consider the mathematical model of the SG connected to the network which is
schematically shown in Fig.1.

The voltages, in the rotor and stator windings are determined by the following
relationships [1]:

US = RSiS + dd_ll)ts,
Cay, S=ab,c, (1)
Er =1l + F'

where Us is the stator voltage; Rs(r;) — the resistances of the stator (rotor) windings;
is(ir) — the currents of the stator (rotor) windings; ¥ (y,-) — the flux linkages of the
stator (rotor) windings; Er — the constant voltage applied to the rotor winding.
The winding flux linkages through the currents will be expressed by the

following formulae [1]:

Yy = (L —M)iy + Lyi-cosa,

Yg = (L — M)ig + Lpyi,cos(a —120),

Ye = (L —M)ic + Lyi.cos(a + 120),

Y, = li, + Ly ligcosa + igcos(a — 120) + iccos(a + 120)],

()
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where L(l) is the inductance of stator (rotor) windings; M — the mutual inductance
between the phase windings of the stator; L,, — the mutual inductance between the
phases of the stator and the rotor windings at their parallel arrangement; o = ay + wt
— the angle between the A phase of the stator and rotor winding; w — the angular
velocity of the rotor. In the electrical power system, the synchronous machine angular
velocities of rotors may be different from the voltage angular frequency in
asynchronous regimes. In the ASGs, the angular velocity of the rotor and the voltage
angular frequency of the stator are equal in any regime.
The system of equations (2) can be presented in the form of a matrix:

Y1 TL—M 0 0 Lpcosa ia
Yp _ 0 L-M 0 Lmcos(a —120) | |ig 3)
Ue 0 0 L-M Lycos(a +120)| |ic|
Yl LLpcosa  Lycos(ax —120) Ly,cos(o + 120) 1 i
or
Y=A-1,

where the determinant of matrix A is as follows:
detA = (L — M)?[(L — M)l — L2,cos?(a + 120) — L2,cos?(a — 120) — L2, cos?a] =

= (L —M)?[(L — M)l — L, (cos?(a + 120) + cos?(a — 120) + cos?a)] =

= (L-M)?|(L—MI-314] = 0.
Solving the (3) matrix system for the vector of current we will have.
i=A"1-w. (4)

The resulting equations show that having the currents of the stator and rotor, we
can find the corresponding flux linkages and vice versa.

In (1), placing the currents expressions instead of them, in accordance with (4),
and adding the equation of Dalamber to the system:

J52 = My = My, (5)
where Mg is the electromagnetic moment: Mg = —i Ly[ia sin o + i sin(a —
—120) + ic sin(a + 120)], M - the outer mechanical moment applied to the rotor,
J - the rotor moment of inertia,
we will have the full mathematical model of SG’s transient process in the natural form
which is a | class system of nonlinear ordinary differential equations with variable
coefficients:

Ldy=_R-A1-WHE,

dt N ©6)
= Mg — Mm,
where E'=[U,, Up, U, U], ¥'= [V, Up, U, Py], Ris the diagonal matrix of
resistances.
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The transformation of the natural model into the d, q coordinate system allows
to obtain the mathematical model of the transient process of an electrical machine
with constant  coefficients. The system of mathematical model equations of the
transient process of SG connected to the network presented in the d,q coordinate
system, has the following form [4]:

. di
([ Rgig + L¢

di .
+ Mdd_'; + (l)qu = Ud:
. . dig .
—wlig + Rsig + LE — wLlyi, =-U
3Lpdiq | rpip | dip Ep
2 1 dt 1 + a1 0,

ds 3 .
]wa'i'zl-‘mlrlq - My =0,

ql

(")

where p = % is the differentiation operator; U,,U, — the stator voltage projection on

the d,q axes, ig, iy the current projection on the d,q axes.
In case of ASG (Fig. 1), the Ug and Uq values are expressed as follows [5]:
. dig .
Ud = _Rcld - LCE - (DLClq,
_ dig _
Uq = _Rclq + LCE - (A)Lcld.

By including the ASG load shown in Fig.1 in the stator parameter, let us
introduce (7) as follows (8):

. dig diy —
Rsld + LE + Mda + (A)qu = 0,
. . di .
—wLig + Rig + L52 = wlpiy = 0,

Slmdia | reir | die _Fe _ ®)
2 1 dt 1 a1~
ds , 3. ..
L ]wd—i+5Lm1r1q—Mm =0,
where the load parameters are also included in the Rs and L.
By doing appropriate modifications, we will obtain the mathematical model of
ASG’s transient process in the nonlinear equation system from (8):
. . 1 . .
(P(ig + Lipiy) = E(—Rsld - leq),
Pig = = (~Rsiq + wLig + wlmiy),
. 3Lm . 1 .
P(i, + ETld) = E(Er — Ipip),

\ JPw = =2 Liniriq + My,

(©)
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A mathematical model of the ASG’s stationary regime. To obtain an ASG’s
stationary regime, in (9), we admit p = 0. The system of equations of stationary
motion will have the form:

( Rsig + wliq =0,
—Rgiq + wLig + 0Lyi, =0,
E; —ri. =0,
— > Linirlg + My = 0.

By solving the system of equations (10), we obtain the stationary point
(iq0, Lqos ro» wg). From equation 3 of the equations system (10) we obtain i,q, by
using which in equation 4, we get ig,. By solving the first and second equations
together, we express one variable by the other, and get a quadratic equation.
Expressing iz by w, we get the quadratic equation (11), otherwise quadratic equation
(12) is obtained:

(10)

2.
w? % — WLy + Rgig = 0, (11)
i3 +ig 2+ 2 = 0. (12)

The non - negative discriminant of the quadratic equation is a condition for the
existence of the stationary point:

EnN? 16 /M 2
() o) =0
Iy 9 \L,E;

2

(;—;)2 > (% L) . (13)

Investigating the stability of the ASG’s stationary point. To assess the stability
of the ASG’s stationary point, let us obtain the Jacobi matrix [6], let us introduce the
system of equations (9) in the following form:

[1 0 Lm 0} Pig] [f1

0 1 0 O0f |pi f

3Lm af =2, 14
0 0 ]J fy

lO Pw

or

where
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1
fl = E(_Rsld — (L)Liq),
1 : : :
f, = L (—Rslq + wLig + ooLmlr),

1 .
f; = E(Er - r'rlr):

3. ..
L f, = —ELmlrlq + Mp,.

Let us introduce the equation system (9) in a vector form:

£ = A7), (15)
where
1 0 L, O
C 0 1 0 0
z" = (ig,ig iy 0), A=[3Lm o 1 ol

2 1
0 o o jl
The Jacobi matrix, for the right part of the equation system (15) the vector
function will have the following form:

_ Rs .
R e N
mJ .
P L oL R S PN
RPTEETEY |i’1nI 0 ] wo 0 - o |
3L§,J 3 . 3. .
0 0 0 1—7 0 _ELmlr _ELmlq 0

According to Lyapunov's first theorem, the ASG’s stationary point is stable if the
eigenvalues of the Jacobi matrix have negative real parts. By Raus Hurwitz criterion, it
is possible to determine the stability of the Jacobi matrix without determining the
eigenvalues [6].

Below is a numerical example, the calculation is performed in the Matlab
software system. An ASG with the following parameter is considered.

Rs=10.4827 Ohm, r,=0.8 Ohm, Er=0.15 kV, L=0.0378 H, Lm=0.2085 H, Mm=0.03 MNm.

In the example, the observed ASG’s data have been chosen so that in the
stationary regime the voltage frequency of the stator is 314 rad/sec. The load
parameter is included in the Rs, L.

In accordance with these parameters the 2 stationary points obtained are:

1. Zt=(ig, ir ,ig,w )=(0.5115; 0.1875 ; -0,5809; 313.9).
2. Z5=(iq, ir ,ia, @ )=(0.5115; 0.1875 ;-0,4520; 244.2) .
In case of the first stationary point, the Jacobi matrix obtained is:
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—0.2813 —0.3193 —0.0045 —0.0005
0.3139 —0.2765 1.7261 1.7261
1.0e +003 % 0.0230 0.0261 0.0215 0.0000
0.0000 —-0.1173  —0.3200 0.0000
The eigenvalues of the Jacobi matrix are:
-2.8185 e+004, -2.8185¢e - 002, -0.2740, -0.0002.
In case of the second stationary point, the Jacobi matrix obtained is:
—0.2813 —0.2485 —0.0045 —0.0005

0.2442 —0.2765  1.3431 0.0006
1.0¢ 4003 x 0.0230 0.0203 0.0215 0.0000
0.0000 —-0.1173 —0.3200  0.0000

The eigenvalues of the Jacobi matrix are:
-2.8090 e+004, -2.8090 e —004, 0.2557, -0.0003 .
The system is stable in case of the first stationary point as the eigenvalues of the
Jacobi matrix have negative real parts, while in case of the second stationary point the
system is unstable.

Conclusion

1. Including the parameters of the load in the parameters of the stator, we have
obtained the mathematical model of ASG’s transient process in a d,q form, which
is a nonlinear autonomous system of differential equations.

2. For the AGS’s stationary regime, a mathematical model and the condition for the
existence of the stationary regime are obtained (13).

3. Using the first theorem of Lyapunov, the stability of the ASG’s stationary regime is
investigated by considering a numerical example.
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uuShd-hLHMNNUShY PEMNY PLLLUYUN UPLLrNL gELBrusnrh usushnuur
NtdhUb YU3NRLNNMI3UL <ESURNSNRUL

4.U. Uwdwpyui, U.U. Twubsut

“Yhwwpyytp bt wynpy-hunniynpy  pbinnd  hupuwdwp  uhuppnu gbubpwwnnph
woluwwnwupp: <Ewnwgnundbp Bu - wugnWwihu  gnpdpupwgh  Jwpbdwwhlwlwu  dnnbp’
ubpyuwjwgyws d,q nbupny, huswbu twl' hupuwdwp uhuppnu gbubpwwnph unwghnuwnp
ntidhdp: Uwnwgyl) LU uwnwghnuwp ntidhdh gnnigyuwt wwydwup W wwpwdbwpbpp:
Ubpywjwgywd Lt huptwdwp upuppnu  gbubpwwinph wugnwwiht  gnpdpupwgubph
dwebdwwhwlwu  dnnbp'  Ywunuwlwu wbupnd: Unwgdbp b Jwuntwlwu  wnbuph
dwpebdwwhlwlwu dnntih Swynphh dwuwnphgp, U hGwnwgnndb) £ upw Yuyniunyeniup
unwghnuwnp Yanbpnud: Ywyniunyeniup quwhwwndty £ ogundbind  Ljwwniundh wnwoeht
ptinptidhg:  Ywjniunypjwt  hbnwgnndwtu  hwdwp nhwnwpydl) £ pwihtu ophuwly, nph
wpryntupubipp unwgytip Gu Matlab dpwapwjhu thwpetiph dhongny:

Unwugpuypti pwnbp. hupuwywp uhtuppnu gbubpwunnp, wugnwWwiht gnpdplpwg,
dwpebdwunhlwlwu dnnbi|, unwghnuwn nkdhd, gninipjwt wwjdwu:

HCCJEJOBAHUE YCTOMYUBOCTH CTAIIMOHAPHOI'O PEXKUMA
ABTOHOMHOI'O CHHXPOHHOI'O TEHEPATOPA C AKTUBHO-
HUHJIYKTUBHOM HAI'PY3KOM

B.C. Cagapsin, M.M. I'aneusin

PaccmoTpeHa cuctema aBTOHOMHO PabOTaroOIEro CHHXPOHHOTO T€HEpaTopa COBMECTHO C
AKTUBHO-UHJYKTUBHOM Harpy3kod. HccienoBaHbl MaTemaTnyeckass MoOJEdb MEPEXOAHOI0
mporiecca, MpeacTaBlieHHas B cucteMe d W (, a TaKKe CTal[IOHAPHBIH PEXUM TeHepaTopa.
TlonmyueHsl ycioBHsI CyIIECTBOBaHUS M MapaMeTphl CTAIIMOHAPHOTO pexuma. PaccMoTpeHa
MaTeMaTH4YecKass MOZEJb MEPEXOJHOI0 IPOLECCa aBTOHOMHOIO CHHXPOHHOI'O Ie€HepaTopa B
kaHOoHWYeckol ¢Gopme. [lomydena warpuma SkoOum IS  MaTeMaTHYECKOW MOJICIH
KaHOHMYECKOW (OpMBI W HCCIIeIOBaHA €€ YCTOWYMBOCTh B CTAIlMOHAPHBIX TOYKaX.
YCcTOWYMBOCTh OLIGHMBAJIACh C HCHOJB30BaHUEM MepBoid TeopeMbl JlsmynoBa. [ns
UCCIIEIOBaHUsI YCTOMYMBOCTH PACCMOTPEH YHCJIEHHBIA MpHUMEp, pPe3yJIbTaTbl KOTOPOIO
MOJTy4eHBI C OMOIIBIO porpamMmuoro makera Matlab.

Kniouegvie cnoea: aBTOHOMHBIA CHHXPOHHBIM TI'€HEPATOp, NEPEXOIHBINA IpoLece,
MaTeMaTHYecKasi MOEIb, CTALIMOHAPHBIN PEXXHUM, YCIOBUE CYIIECTBOBAHUSI.
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