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Abstract⎯The transient processes in the load node of a power system, which contains powerful induction
motors and triple-wound transformers, are simulated. A technique for transient calculation using direct-cur-
rent synthetic schemes of electric circuits (Dommel’s algorithm) is presented. A dynamic model of an induc-
tion motor in the phase domain and a model of a triple-wound transformer based on inductively coupled
branches are used taking into account the transformation of voltage levels. It is shown that the mutual influ-
ence of different voltage levels in the circuits can be investigated in the phase domain, within one model, and
in the course of one simulation process. As an example, we consider a 110/35/10-kV load node that contains
an induction motor, a static load, and a reactive power-compensation device in the form of a capacitor on the
low-voltage side, as well as power-transmission lines on the medium-voltage side. Dommel’s algorithm
makes it possible to investigate various types of nonlinear elements in the system and does not impose any
restrictions on the waveform and harmonic composition of signals in the model. The algorithm also allows
one to change the parameters and configuration of the timing constraints, which increases the range of the
modes considered. When simulating the load node in this domain, various types of asymmetry and complex
faults can be considered. The model of the induction motor is highly f lexible and yields good results when
calculating the dynamic modes.
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To simulate transients in the load nodes of electric
and power systems, calculation methods using
dynamic models of system elements are employed. A
load node, being an electric circuit, can be described
under certain assumptions by a system of differential
equations according to Kirchhoff’s laws [1]. For cer-
tain elements, e.g., electric motors, this system
includes equations for a mechanical part [2, 3]. Calcu-
lation of load nodes with allowance for different volt-
age levels is complicated by the necessity of taking into
account the transformation coefficient. When calcu-
lating steady-state processes, this can be done by
reducing the dimensions to a single voltage level; this
approach, however, cannot be applied to calculate the
processes in the time domain. In addition to the trans-
formation coefficient, it is required to take into
account the frequency properties of the elements,
including those of a power transformer.

In this work, we reduce the transients calculation in
an electric circuit to the calculation of direct-current
(DC) synthetic schemes [1]; in the foreign literature,
this method is also known as “Dommel’s algorithm”
[4, 5]. This algorithm has a number of advantages in

program implementation, which is proved by its wide
use in software development. In contrast to the state
variable method [6], this algorithm does not require
writing differential equations by Kirchhoff’s laws and
enables a direct transition to DC-circuit equations.
The resulting DC-circuit has the same layout as the
original one, which makes the method very conve-
nient. The method does not impose any restrictions
on the signal waveform and allows one to easily take
into account nonlinear characteristics of system ele-
ments. It should be noted that this method yields
instantaneous currents and voltages in all branches
and nodes of a circuit.

The main calculation stages are as follows.

(1) Approximating the differential equations of the
circuit elements with the difference equations associ-
ated with synthetic (resistive) equivalent circuits.

(2) Synthesizing systems of algebraic equations in
accordance with the synthetic equivalent circuits at
each time step of the calculation.

(3) Solving the systems of algebraic equations.
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The algorithm is used to calculate transient modes
of nonlinear circuits at each time step. First, approxi-
mate parameters (currents and voltages) of a resistive
(linear) circuit are evaluated; then, using numerical
methods for solving systems of nonlinear equations,
the refined values of these parameters are found taking
into account the nonlinearity of the current–voltage
characteristic of the elements [7]. The dimension of
the synthesized system of nonlinear equations
increases with increasing number of nonlinear ele-
ments. Hence, it becomes more difficult to synthesize
such a system. For this reason, in this case, the New-
ton–Raphson method is used to solve the equations of
each nonlinear element rather than all equations of a
circuit at a time [8].

The model of an induction motor in the phase
domain [3] is quite consistent with a three-phase net-
work model, which allows the motor to be connected
without additional coordinate transformations [8].
Moreover, simulation in the phase domain proves to
be very effective when investigating asymmetrical
modes of a multiphase network.

The model of a power transformer consists of
inductively coupled branches. During simulation, this
allows one to take into account the transformation of
voltage levels and vector group of the transformer. A
three-phase transformer is regarded as a system of
three single-phase transformers. The change in the
connection scheme of single-phase transformers
allows one to form different vector groups of three-
phase transformers.

Figure 1 shows a circuit for a load node with a tri-
ple-wound transformer T1 (TDTN-16000/110). The
load node includes two 35-kV power-transmission
lines (L1 and L2) with loads (LO2 and LO3) at their
ends, an electric motor (M1), a static load (LO1), and

a reactive power-compensation device in the form of a
10-kV capacitor (С1). We simulate an AZMP-5000
powerful induction motor with a fan load. The charac-
teristics of the loads are as follows: SLO1 = 1 MB A,
cosϕLO1 = 0.9, SLO2 = 5 MB A, cosϕLO2 = 0.95, SLO3 =
1 MB A, cosϕLO3 = 0.95, power of the compensation
device QC1 = 840 kV a, and Um1 =  The
parameters of the transformer are taken from its specifi-
cation. The characteristics of the power-transmission
lines are as follows: L1 corresponds to an AC-150/24
wire type, the support type is PB35-1, the length of a
U-circuit in the model is 10 km, the number of U-cir-
cuits is three, L2 corresponds to an AC-150/24 wire
type, the support type is PB35-1, the length of a U-cir-
cuit is 50 km, and the number of U-circuits is 1.

The lines were simulated taking into account inter-
phase capacitances, phase–earth capacitance, and
mutual inductions among line phase wires. This
enables a more detailed analysis of transient modes in
the case of earth faults for a network with an insulated
neutral. The load node circuit (see Fig. 1) depicts only
the switches that are commutated during simulation.
The state of the other switches remains unchanged.

Consider the influence on each other among the
nodal elements of different voltage classes in the case
of successive transients. At the initial instant (t = 0 s),
motor M1 is plugged in and the node operates in a
steady-state mode. At instant t = 0.2 s, a single phase-
to-earth fault of phase A occurs on line L1 at a distance
of 20 km from the system of supply rails. At instant t =
0.3 s, a fault between phases А and С occurs at the end
of line L1 on the load side. At instant t = 0.4 s, line L1
is switched off by switch В1 on the 35-kV rails.

Figure 2a shows that, in the case of an earth fault,
the voltage component of phase А (35 kV) with a fre-
quency of 50 Hz decreases by several times. In the
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Fig 1. Circuit of the load node.
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fault-free phases, the voltage increases approximately
by a factor of 1.73. The potential of the faulted phase
approaches that of the earth, but the nominal linear
voltage persists.

The voltage across the faulted phase does not
decrease to zero at the observation point, as the fault
point is spaced at a certain distance. In the faulted and
fault-free phases (10 kV), high-frequency oscillations
occur. The higher harmonics pass to the 10-kV side via
the transformer. When a single-phase fault occurs (t =
0.2 s; see Fig. 3), minor perturbations in the angular
velocity and electromagnetic torque of the motor show
up. Due to the inertia of the mechanical modes of the
motor, the perturbations caused by the higher har-
monics induced from the medium-voltage side
slightly affect the operation of the motor.

In the case of a two-phase fault (see Fig. 2b), the
currents in the faulted phases increase significantly. In
this case, the directions of the currents become oppo-
site. The current in the fault-free phase changes
slightly. The voltage across the fault-free phases
(phase voltage) changes both in its angle and in its
amplitude (Fig. 2a). The voltage amplitude in phase А,
on which the earth fault is simulated, increases due to
in-feed from phase С via the branch of the interphase
fault. The voltage across phase С decreases. The angle

of the voltages across phases А and С is shifted almost
by 180°. In the fault-free phase, the voltage changes its
angle but remains close to linear in amplitude.

In the case of an interphase fault in the 35-kV line
on the 10-kV side, the phase and amplitude of the volt-
ages change approximately by 10% (see Fig. 4a). The
currents in the motor stator change significantly in
their angle with the occurrence of harmonic oscilla-
tions of their amplitudes (Fig. 4b). This is due to a
sharp increase of power flows in the phases on the 35-kV
side, which are directed toward the fault. The network
elements on the low-voltage side begin to direct their
stored energies via the transformer to the faulted seg-
ment. The oscillation of the current amplitude and the
sharp change in the current direction in the 10-kV rails
are due to the fact that the motor (M1) begins to par-
tially operate in a generator mode.

In this mode, the current phases of the motor stator
change significantly. Figures 3a (electromagnetic
moment) and 3b (angular velocity) show that an inter-
phase fault on line L1 heavily affects the operating
mode of the motor. The motor begins to direct its
power to the network, whereas the currents in the rotor
have no time to change their directions. The current
flowing in the stator under the action of the network
voltage and the current induced by the rotating mag-
netic field of the rotor form a joint current of varying

Fig. 2. (a) 35 kV Voltage across the rails (phase voltage) and
(b) switch current on line L1 (phase designations: (1) A,
(2) B, and (3) C).
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Fig. 3. (a) Angular velocity and (b) electromagnetic torque
on the motor shaft at the instant of a fault.
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amplitude. The frequency of the induced current dif-
fers from that of the network, which also affects the
process. The angular velocity and electromagnetic
torque oscillate on the second harmonic of commer-
cial frequency. Such processes can cause dangerous
mechanical vibrations in the motor, as well as in the
mechanisms driven by it. Thus, the proposed tech-
nique and models allow one to calculate and analyze
the asymmetrical and cascade transients in complex
load nodes with triple-wound transformers.

The proposed technique and software [9] can be
used to analyze transients in complex load nodes with
multiwound transformers and powerful induction
motors.
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Fig. 4. (a) Linear voltages on the low-voltage side and (b) sta-
tor currents (phase designations: (1) A, (2) B, and (3) C).
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